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NATIVE FOREST AT A WATERSHED SCALE 
By C. E. Staley 
Abstract 
Global climate change has been recognized as a major issue facing the world today and is 
primarily due to increasing levels of atmospheric carbon dioxide. As a result of this and due to 
climate change policies such as the Kyoto Protocol, there has been mounting interest in trying 
to characterize carbon (C) dynamics in various ecosystems, such as forests. However, there 
are many uncertainties surrounding large-scale forest C inventories due to the complex and 
heterogeneous nature of forest ecosystems.  
The aim of this study was to examine spatial patterns of above-ground and below-
ground C storage across the North Mokihinui watershed in the west coast region of New 
Zealand’s South Island in relation to distinct forest communities and abiotic environmental 
variability. Linking environmental variables to C quantities at a landscape scale will enable 
the precise predictions of C storage at a larger scale through the development of local 
adjustment terms that include the natural spatial variability of the landscape. Data was 
collected during the summer of 2008/2009 from forty-two 20 m x 20 m sample plots. 
Measurements of tree heights and diameters, sapling number, coarse woody debris (CWD), 
and litter, humus and mineral soil samples were taken and used to obtain estimates of above-
ground and below-ground C storage.  
Seven forest communities were identified in the watershed. Mean total above-ground 
C storage was estimated at 204.6  113.9 t/ha and 30.2  27.6 t/ha for the live plant and CWD 
pools, respectively. Live plant C quantities did not differ significantly among forest 
communities but were noticeably higher in the beech-dominated communities compared with 
the hardwood and mixed hardwood-beech communities. Forest communities did differ 
significantly for CWD carbon storage and were highly variable. Model selection using mixed 
effects models and an information theoretic approach indicated that topography was the most 
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important influence on above-ground C quantities, followed by stand characteristics and site 
fertility.  
Mean C storage for litter and humus was estimated at 0.6  0.2 t/ha and 11.0  8.9 t/ha 
respectively. Mean C storage for three soil layers – 0-10 cm, 11-20 cm and 21-30 cm – was 
estimated at 58.2  53.4 t/ha, 24.8  12.1 t/ha and 19.8  12.9 t/ha, respectively. Litter C 
quantities were relatively equal across all forest communities. However, for humus and the 
11-20 and 21-30 cm soil layers, C quantities were much greater in beech-dominated 
communities than hardwood/mixed hardwood-beech communities. Soil in the 0-10 cm layer 
showed the opposite trend. Model selection indicated that site fertility was most important for 
explaining mineral soil C quantities, followed by litter quality and topography.  
With the exception of the litter layer, there was high spatial variability in above-
ground and below-ground C pools across the North Mokihinui watershed. However, the 
patterns of this variability differed. On the whole, there were no strong correlations found 
among any of these C pools, which indicates that C storage in these pools are influenced by 
environmental factors in differing ways. Above-ground and below-ground forest ecosystems 
are highly complex in and of themselves, but they are also intricately intertwined, interacting 
and feeding back to each other in a variety of ways depending on the context of the site. These 
interactions control net ecosystem C dynamics but also make it difficult to predict how above-
ground C dynamics affect the below-ground system and vice-versa. Spatial and temporal 
scale, along with abiotic factors, determine the nature of this context dependency. 
Results from this study exemplify the high spatial variability of above-ground and 
below-ground C, even at the relatively small scale of a watershed. They also highlight the 
need for further investigation of spatial variability of forest C pools in order to increase 
understanding of forest C dynamics and relationships of C quantities with environmental 
factors at a landscape-scale. This will help more precise estimations of C inventories to be 
made at large-scales that include the variation inherent across the landscape. The results 
obtained in this study will also serve as a baseline for a climate change mitigation project in 
the North Mokihinui watershed that will attempt to increase C sequestration through the 
management of ungulate browsers. 
 
Keywords: carbon; spatial variability; landscape-scale; indigenous forest; live plant; coarse 
woody debris; litter; humus; soil; environmental variables 
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Chapter 1: General introduction 
Quantifying total forest carbon (C) over large areas is of primary importance in the context of 
carbon sequestration and climate change mitigation (Zhao et al. 2010). In New Zealand, 
indigenous forests comprise the primary storage for terrestrial C (Carswell et al. 2008). 
However, there are many uncertainties surrounding forest C inventories due to the complex 
and heterogeneous nature of forest ecosystems (Botkin et al. 1993; Jarvis 1995; Banfield et al. 
2002; Houghton 2005; Enquist et al. 2007; Laumonier 2010).  
The aim of this study was to examine spatial patterns of above-ground and below-
ground C across the North Mokihinui watershed in the west coast region of New Zealand’s 
South Island (see map Chapter 2, section 3.1) in relation to abiotic environmental variability. 
Linking environmental variables to C quantities at a landscape scale will enable more precise 
predictions of C storage at a larger scale that include the natural spatial variability of the 
landscape. Results from this study will also serve as a baseline for a climate change mitigation 
project in the North Mokihinui watershed that will attempt to increase C sequestration 
through the management of ungulate browsers. 
 
1. Climate change policy and forest ecosystems 
Global climate change has been recognized as a major issue facing the world today and is 
primarily due to increasing levels of atmospheric greenhouse gases (GHG), principally CO2 
(Hall and Hollinger 1997). In an effort to combat climate change, an international treaty 
entitled the United Nations Framework Convention on Climate Change (UNFCCC) was 
produced and signed by 192 countries, and came into force in 1994. The objective of the 
UNFCCC is to “stabilization of greenhouse gas concentrations in the atmosphere at a level 
that would prevent dangerous anthropogenic interference with the climate system” (Article 2, 
UNFCCC 1997), and requires parties to report on all sources and sinks of C (Coomes et al. 
2002). However the treaty itself is non-binding and does not set any limits on GHG 
emissions. These limits are set in an update to the UNFCCC called the Kyoto Protocol, which 
came into force in 2005 and legally requires developed nations to collectively reduce their 
GHG emissions by 5.2% from 1990 levels by the year 2012 (UNFCCC 1998) either by 
limiting the consumption of fossil fuels or by increasing net carbon sequestration in terrestrial 
sinks (de Vries 2006). Signatories must carefully monitor their GHG emissions and submit 
annual emissions inventory reports. Emissions must be reduced primarily through national 
measures, but the protocol also allows the use of market-based or “flexibility mechanisms” to 
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help countries meet their targets, such as emissions trading where emissions units, informally 
called “carbon credits”, are earned through GHG mitigation projects, which then give the 
owner the right to a certain amount of emissions (UNFCCC 1998). Governments are not the 
only entities attempting to account for GHG emissions; climate change mitigation projects are 
being implemented by organisations in land-use, energy and other sectors (Sathaye and 
Andrasko 2007). Through the use of a voluntary C market, companies, individuals and other 
entities that want to reduce their GHG emissions, but are not subject to mandatory emissions 
limitations, can earn and trade carbon credits (Allen and Carswell 2008; ICF 2008). 
As a result of these climate change policies, and since CO2 is the primary contributor 
to GHG emissions, there has been greater interest in trying to characterize C dynamics in 
various ecosystems (Johnson 1995; Schimel et al. 2001). The terrestrial biosphere, in 
particular, has been under focus lately as it may be the location of the “missing C sink” – an 
uptake of C emissions that cannot be accounted for by the ocean (Siegenthaler and Sarmiento 
1993; Schlesinger 1993; Schindler and Bayley 1993; Dixon et al. 1994; Keeling et al. 1996). 
The amount of C stored in the world’s terrestrial ecosystems and the influence it has on the 
global C balance are thus key issues in the current debate on the causes and possible ways to 
mitigate global climate change (Tate et al. 1997). Since there is far more C stored in these 
ecosystems than is present in the atmosphere (approx. 2000Gt vs. 670 Gt; Bouwman 1990), 
management of these ecosystems could greatly influence atmospheric CO2 concentrations 
(Sarmiento et al. 1995; Fan et al. 1998; Bouwman 1990).  
Forest ecosystems occupy 4.1 billion hectares of the earth’s surface (Dixon and 
Wisniewski 1995) and store much more C compared with other terrestrial ecosystems. Carbon 
in forests is partitioned into above-ground and below-ground components, comprising live 
plant, coarse woody debris (CWD), litter, humus and mineral soil pools. Up to approximately 
80% of all terrestrial C is stored above-ground and up to 40% is stored below-ground C (see 
Dixon et al. 1994). Forests exchange CO2 with the atmosphere through the processes of 
photosynthesis and respiration, become sources of atmospheric C when disturbed, become 
atmospheric C sinks resulting from regrowth after disturbance, and can be managed in such a 
way as to sequester large quantities of atmospheric CO2 (Brown et al. 1996). By sequestering 
C in forest stands, carbon credits may be earned. Although forests established prior to 1990 
are not eligible for Kyoto-compliant emissions units, voluntary C markets may be used (IFC 
2008). Due to the vital role of forests in regional and global C cycles and country-specific 
commitments to the Kyoto Protocol, C storage in forests and the ability to accurately and 
precisely measure it have recently become a focus of research (Hall et al. 2001; Brown 2002; 
Davis et al. 2003).  
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1.1. Forest carbon inventories and spatial variation 
Forest C inventories have been carried out around the world at various scales using a range of 
methods. At global scales, pre-existing national and regional forest inventory data are 
compiled and used to estimate live plant C storage, or biomass estimates which are used to 
calculate C (Brown et al. 1989; Dixon et al. 1994; Goodale et al. 2002). At national scales, 
above and below-ground forest C estimates may be based on compilations of pre-existing 
forest inventory or survey data (Brown and Lugo 1992 – Brazilian Amazon; Kauppi et al. 
1992 – Europe), used in combination with field-based methods such as sample plots (Kurz et 
al. 2009 – Canada; Schroeder et al. 1997, Birdsey 1992 and 1993, Brown et al. 1999 and 
Brown and Schroeder 1999 – USA), or may be based on sample plots alone (Singh et al. 1994 
– Central Himalayas). Regional and smaller scale C inventories are usually based solely on 
sample plot methods (Hall and Hollinger 1997; Coomes et al. 2002).  
At every scale there is a certain amount of uncertainty present in the measurements of 
forest C and much of this uncertainty has to do with the high spatial variability inherent in 
forests (Townsend et al. 1996; Wilson and Meyers 2001). Accounting for this variability is a 
substantial impediment to extrapolating C estimates from finer (i.e. landscape) to larger (i.e. 
regional or national) scales (Botkin et al. 1993; Jarvis 1995; Banfield et al. 2002; Houghton 
2005; Enquist et al. 2007; Laumonier 2010). By understanding the relationships between 
environmental variables and C quantities at a landscape scale, more accurate predictions of C 
storage can be made at a larger scale that include the variation inherent across the landscape 
(Banfield et al. 2002; de Castilho et al. 2006). However, understanding of this subject is 
inadequate (Asner et al. 2009; Zhou et al. 2007) and information at the landscape-scale – a 
spatially heterogeneous geographic area composed of interacting ecosystems (Forman and 
Godron 1986) usually the size of a watershed or larger – is lacking (Zushi 2006). 
Previous studies looking at spatial variation of forest C above-ground have shown that 
biomass and C content of these pools are influenced by various factors such as climate, 
vegetation, forest stand characteristics, topography, soil physical and chemical properties and 
disturbance (Grigal and Ohmann 1992; Laurance 1999; Banfield et al. 2002; Carmona et al. 
2002; Houghton 2005; Kennedy et al. 2008; Richardson et al. 2009; Laumonier 2010). Many 
of the same variables have been shown to be important influences on below-ground forest C 
(Arrouays et al. 1998; Johnson et al. 2000; McKenzie and Ryan 1999; Ryan et al. 2000; 
Cheng et al. 2004; Thompson and Kolka 2005; Zushi 2006; Zhong and Xu 2009; Li et al. 
2010). Although the spatial variability of above-ground and below-ground forest C and their 
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relationships with environmental variables have been addressed separately, few studies around 
the world have looked at both of these aspects in above-ground and below-ground forest 
ecosystems at once (Grigal and Ohmann 1992; Banfield et al. 2002; Rodeghiero et al. 2010; 
Zhao et al. 2010) and none have attempted to do this in New Zealand at a landscape-scale.  
 
1.2. Carbon inventories in New Zealand 
Indigenous forests cover almost 6.5 million hectares or 24% of New Zealand’s land area 
(Wardle 1984), thus forming an important C pool (Hall et al. 2001). Having ratified the 
UNFCCC and the Kyoto Protocol, New Zealand is required to inventory and report changes 
in its forest C storage. This is done under the Ministry for Environment’s (MfE) national 
carbon monitoring system called the Land Use Carbon Analysis System (LUCAS). LUCAS 
aims to monitor above-ground (Payton et al. 2004) and below-ground (Davis et al. 2004) 
changes in C storage every 5 years (Payton et al. 2004) in the UNFCCC’s Land-use, Land-use 
Change, and Forestry sector, which includes indigenous forests and shrublands. Particular 
companies in New Zealand are also attempting to inventory and monitor changes in forest C 
in an attempt to earn carbon credits. For example, Solid Energy New Zealand (SENZ) is 
working together with the Department of Conservation in the North Mokihinui watershed in 
north Westland on the South Island to determine if ungulate pest management can improve the 
C storage of indigenous forests. 
Studies in New Zealand have looked at above-ground and/or below-ground biomass or 
C quantities at national (Tate et al. 1997; Hall et al. 2001; Tate et al. 2005); regional 
(Hollinger and Hunt 1992; Hall and Hollinger 1997; Coomes et al. 2002), or finer (Beets 
1980; Schoenenberger 1984; Levett et al. 1985; Harcombe et al. 1998) scale. In addition, 
studies have been carried out regarding the relationship of C quantities in to such things as 
ecosystem type (e.g. forest vs. grassland; Tate et al. 1995, 2000), land-use (e.g. indigenous 
forest, plantation forest, pasture; Ross et al. 1999), invasive animals (Wardle et al. 2007) and 
age and developmental stage of the forest stand (Silvester and Orchard 1999; Scott et al. 
2000; Davis et al. 2003; Hart et al. 2003). However, no studies have specifically addressed the 
above-ground and below-ground spatial variability of forest C and the relationships of this 
variability with environmental factors at a landscape-scale.   
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2. This study 
Some companies in New Zealand are attempting to inventory and monitor changes in forest C 
in an attempt to earn carbon credits and help mitigate the effects of climate change. Solid 
Energy New Zealand, together with the Department of Conservation, is trying to determine if 
ungulate pest management can improve the C storage of indigenous forests in the North 
Mokihinui watershed in north Westland on the South Island. Data was collected during the 
summer of 2008/2009 from seven transects containing 42 sample plots throughout the North 
Mokihinui watershed. Each transect was located along an elevational gradient and a 20 m x 
20 m vegetation plot was established along it at every 200 m. Measurements of tree heights 
and diameters, sapling number, coarse woody debris (CWD), and litter, humus and mineral 
soil samples were taken and used to obtain estimates of above-ground and below-ground C 
storage.  
The data collected across the watershed will serve as a baseline for C storage, in the 
absence of any ungulate management. However, these data also provide an opportunity to 
study the spatial distribution of forest C at a landscape scale. The indigenous forests of New 
Zealand’s northern west coast are complex in both species composition and soil processes, 
consisting of a combination of hardwood, beech and mixed hardwood-beech species (Wardle 
1991). In addition, the terrain is mountainous and rugged. Thus, C storage of both above-
ground and below-ground forest C pools across the watershed is likely to be highly variable 
and as mentioned previously, this variability impedes accurate estimates of large-scale forest 
C inventories. Currently, there is a lack of understanding of the spatial variability of forest C 
storage in New Zealand and abroad. Investigating the spatial variation of above-ground and 
below-ground C pools in the North Mokihinui watershed and linking this variability with 
environmental factors will result in an increased understanding of forest C dynamics at a 
landscape-scale. This may help improve estimations of C inventories at large-scales by 
including the variation inherent across the landscape. 
The overall aim of this study was to investigate the spatial variability of forest C 
above-ground and below-ground across the North Mokihinui watershed in relation to abiotic 
environmental variability. Firstly, above-ground spatial variation of live plant and CWD 
carbon is described and this variability was related to environmental variables. Secondly, 
spatial variation of forest floor and mineral soil C is described and this variability was related 
to environmental variables. Thirdly, the spatial variability of the above-ground and below-
ground pools are discussed in relation to each other. 
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2.1. Aims and objectives 
 
Chapter 2  
Aim: Identification of spatial trends and patterns in above-ground forest carbon pools 
Objective: To describe the spatial variation of live plant and CWD carbon pools and relate 
them to specific abiotic environmental variables. This was achieved by addressing the 
following questions: 
Questions: 
1. What is the C storage of the live plant and CWD pools across all sample plots? 
2. What forest communities are present in the watershed? 
3. What is the spatial distribution of C in the live plant and CWD pools in relation to these 
forest communities? 
4. How does above-ground C storage variability relate to stand characteristics, topography 
and site fertility?  
 
Chapter 3  
Aim: Identification of spatial trends and patterns in below-ground forest carbon pools  
Objective: To describe the spatial variation of forest floor C and mineral soil C pools and 
relate them to specific abiotic environmental variables. This was achieved by addressing the 
following questions: 
Questions: 
1. What is the C storage of the litter, humus and mineral soil pools across all sample plots? 
2. What is the spatial distribution of C in the forest floor and mineral soil pools in relation to 
these forest communities?  
3. How does the spatial variation in mineral soil C quantities relate to topography, litter 
quality and site fertility?  
 
Chapter 4 
General discussion 
This chapter synthesizes the results obtained from the above-ground and below-ground carbon 
pools (Chapters 2 and 3), lists the overall contributions from this thesis to the study of forest 
C storage and dynamics in New Zealand and discusses recommendations and directions for 
future studies. 
 7 
Chapter 2: Above-ground variability of carbon 
pools in the North Mokihinui watershed 
 
1. Abstract 
New Zealand’s indigenous forests are extremely heterogeneous in space, which can impede 
procedures for estimating above-ground C quantities and result in significant uncertainty 
around estimations. This chapter investigates the spatial variability of above-ground C storage 
in the live plant and coarse woody debris pools (CWD) at a watershed scale. Forty-two 20 m 
x 20 m forest plots were measured in the North Mokihinui watershed on the west coast of 
New Zealand’s South Island. Seven distinct forest communities were identified using 
ordination and cluster analysis techniques, representing two mixed hardwood-beech and five 
beech-dominant forest communities. Mean total above-ground C storage was estimated at 
204.6  113.9 t/ha for the live plant pool and 30.2  27.6 t/ha for the coarse woody debris 
pool. Live plant C quantities did not differ significantly among forest communities but were 
clearly higher in the eastern beech-dominated communities of the watershed compared with 
the western hardwood and mixed hardwood-beech communities. For CWD carbon quantities, 
forest communities did differ significantly and were highly variable. Model selection using 
linear mixed effects models and an information theoretic approach indicated that 
topographical, forest stand and site fertility variables were all important influences on above-
ground C quantities, while the importance of forest stand characteristics and site fertility were 
less important for CWD carbon storage. Results exemplify the high spatial variability of 
above-ground C, even at the relatively small scale of a watershed, and highlight the need for 
the investigation of environmental factors influencing carbon storage in order to increase 
understanding of forest C dynamics and to make accurate above-ground predictions across 
space. 
 
2. Introduction 
Forest ecosystems can be highly heterogeneous in space (Townsend et al. 1996; Wilson and 
Meyers 2001) as a result of complex vegetation and soil structures and processes (Martin and 
Timmer 2006). Accounting for this spatial heterogeneity is a substantial obstacle to 
extrapolating above-ground biomass (AGB) estimates from finer (i.e. landscape) to larger (i.e. 
regional or national) scales. (Botkin et al. 1993; Jarvis 1995; Banfield et al. 2002; Houghton 
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2005; Enquist et al. 2007; Laumonier 2010). Estimates of AGB are essential for calculations 
of above-ground C inventories.  AGB is simply the oven-dried mass of vegetation in a given 
area at a particular point in time and for C studies, usually only constitutes trees over a certain 
diameter. Various allometric regression equations relating tree diameter at breast height 
(DBH), tree height or other easily measured variables to the standing volume of wood have 
been developed to achieve this, usually based on destructive sampling in the field (Ketterings 
et al. 2001). However, live plant C in AGB is not the only constituent of above-ground C 
pools; dead wood in the form of coarse woody debris (CWD) can make up 10–20% of the 
total plant biomass present in a forest (Delaney et al. 1998; Brown 2002; Goodale et al. 2002), 
thereby constituting a major component of forest C budgets (Malhi et al. 2004; Litton et al. 
2007). Similar equations have also been developed to estimate CWD carbon (Coomes et al. 
2002). 
Live plant and CWD carbon storage is influenced by numerous variables such as 
forest stand characteristics (e.g. mean basal area and height, species composition), climate, 
topography, soil physical and chemical properties and disturbance (Grigal and Ohmann 1992; 
Laurance 1999; Banfield et al. 2002; Carmona et al. 2002; Houghton 2005; Kennedy et al. 
2008; Richardson et al. 2009; Laumonier 2010). Yet, at present, a quantitative understanding 
of how these factors influence the spatial variability of above-ground C quantities is 
inadequate (Asner et al. 2009; Zhou et al. 2007). By elucidating the relationships between 
environmental variables and C quantities at a landscape scale, more precise predictions of C 
storage can be made at a larger scale through that include the variation inherent across the 
landscape (Banfield et al. 2002; de Castilho et al. 2006).  
Various studies carried out in forests around the world have looked at spatial variation 
in above-ground C storage. These studies have either focused mainly on estimating C and 
exploring the spatial distribution of above-ground pools (Brown et al. 1999; Brown and 
Schroeder 1999; Chave et al. 2001, 2003) or on relating this spatial variability to 
environmental variables (Laurance et al. 1999; de Castilho et al. 2006; Paoli et al. 2008; 
Anderson et al. 2009; Asner et al. 2009; Richardson et al. 2009; Laumonier 2010; Rodeghiero 
et al. 2010; Slik et al. 2010). Only a relatively few studies in New Zealand have made any 
attempt to do either of these for the live plant pool (Hollinger and Hunt 1992; Hall and 
Hollinger 1997; Tate et al. 1997; Hall et al. 2001), the CWD pool (Richardson et al. 2009) or 
both (Coomes et al. 2002; Davis et al. 2003) and none have attempted to do this at a 
landscape-scale. Most of these studies dealt with estimating above-ground C inventories 
carried out predominantly at large scales based on inventory plots within mapped vegetation 
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classes. These large-scale studies are unable to capture the spatial variability that is 
undoubtedly present at a finer scale.  
This chapter will investigate the landscape-scale spatial variability of above-ground C in 
relation to forest community type for both the live plant and CWD pools and the relationship 
of this variability with abiotic environmental factors. The indigenous forests found on the 
west coast of New Zealand’s South Island are extremely complex and diverse in species 
composition, consisting of a mixture of hardwoods and beech species, and the terrain is often 
rugged. Live plant and CWD biomass data from 42 vegetation plots established in the North 
Mokihinui watershed was collected and analysed and C quantities were estimated from these 
in order to ask: (1) What forest communities are present and how do they relate to various 
abiotic environmental variables? (2) What is the above-ground spatial distribution of C in the 
live plant and CWD pools in relation to these forest communities? (3) How do the above-
ground C quantities in the live plant and CWD pools relate to specific abiotic environmental 
variables? 
 
3. Methods  
3.1. Study area 
The 20,000 ha North Mokihinui watershed is located in the Buller District of North Westland 
approximately 30 km east of Seddonville and about two thirds of the way from Westport to 
Karamea (Figure 1). Extending from the Mokihinui Forks to the Allen and Matiri Ranges, 
steep mountains, rugged hills, plateaus, inland basins, and gorges dominate the landscape 
(DoC 2007) and elevations range from 130 to 1,585 m a.s.l. Several active faults are located 
within the valley, and in fact the area was badly damaged by the Murchison Earthquake in 
1929. Underlying geology varies strongly with longitude and two groups of rocks can 
primarily be found, resulting in a variety of soil types: old, hard igneous, metamorphic and 
sedimentary rocks such as granite (Devonian to Cretaceous) predominantly in the west of the 
study area, and soft Tertiary sedimentary strata that lie on top of these including sandstone, 
mudstone and limestone predominantly in the east (DoC 2007). Soils are high country 
podzolised yellow-brown earths and podzols according to New Zealand’s genetic soil 
classification (NZ Soil Bureau 1968) and allophanic brown soils and podzols according to 
Hewitt (1993). In general, podzols are acid soils with low base saturation and occur in areas 
of high precipitation, usually associated with forest species that produce acidic litter, while 
brown soils occur in areas of high precipitation and good drainage and are biologically active 
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with moderate to low base saturation (Hewitt 1993). Humidity and cloud cover is high in the 
Mokihinui valley, while evaporation rates are very low (Williams, 1991). The annual 
temperature is 12 ºC, with mean monthly temperatures ranging from 15 ºC in February to 8 ºC 
in July (NZ Meteorological Service 1973). Rainfall often exceeds 4,000 mm per year (DoC 
2007) and snowfalls are common throughout the winter (Williams 1991). 
Previous vegetation descriptions indicate that approximately half of the watershed is 
covered by mixed beech (Nothofagus) forest comprising a mixture of predominantly three 
species: red beech (Nothofagus fusca), silver beech (Nothofagus menziesii) and mountain 
beech (Nothofagus solandri var. cliffortioides) (DoC 2007). A quarter of the area consists of 
mixed beech-hardwood forest cover, which includes kamahi (Weinmannia racemosa), 
Quintinnia acutifolia, Quintinnia serrata and southern rata (Metrosideros umbellata) as well 
as others (DoC 2007). Seral shrublands resulting from past landslide disturbances cover about 
one-fifth of the watershed and are comprised of a variety of genera such as Coprosma, 
Olearia, Hoheria, and Hebe (DoC 2007). Above 1200 -1300 m a.s.l., the forest gives way to 
scrub dominated by Olearia and Dracophyllum species, while extensive tussock shrublands of 
Chionochloa species are found above the scrub zone (Williams 1991). Other important small 
tree species include Archeria traversii, Aristotelia serrata, Carpodetus serratus, and 
Griselinia littoralis. 
Goats cause localized modification of the vegetation (Williams 1991; Hickling 1985) 
and are present throughout the North Mokihinui watershed, especially where landslips have 
created open areas in the east (DoC 2007). Red deer are also common throughout the area – 
although numbers have greatly declined since the 1970s (Clarke 1985) – but tend to occur 
more in western parts where there are less goats and the forest is more intact (DoC 2007). 
Current numbers of deer and goats are unknown.   
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Figure 1: Map of North Mokihinui watershed study area in relation to New Zealand’s South Island.
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3.2. Field data collection 
During the summer of 2008/2009, 42 vegetation plots (20 m x 20 m; 400 m
2
) along seven 
transects were permanently established and measured throughout the Mokihinui watershed 
(Figure 2) by a number of field teams working under MBC Ltd. Many of the following 
procedures are based on Hurst and Allen's (2007) permanent plot protocol for forest plots, 
which have been augmented with additional procedures for measurements of tree biomass and 
CWD. 
 
 
Figure 2: Map of 42 sample vegetation plots along seven transects in the North Mokihinui watershed. 
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Plot establishment and layout 
Transect lines were established to traverse an altitudinal gradient from randomly located 
origin points at a given watercourse edge to the nearest treeline or ridgetop. This ensured that 
local heterogeneity in species composition was properly sampled on each line. The first 
vegetation plot was established 40 m on an uphill bearing from the line origin, with 
subsequent plots established along the same bearing at 200 m intervals thereafter. Lines were 
clearly marked at < 10 m intervals using powder coated permolat (strips of 50 mm wide 
aluminium sheets) nailed to trees and plots were established on the right hand side of 
transects. Perimeter tapes were laid out using compass sighting and followed the contour of 
the ground (i.e. under logs and debris) and corners were permanently marked with aluminium 
stakes labelled with permolat. The plot was then subdivided into 16 subplots using string 
running lines or fibreglass tapes for ease of vegetation inventorying. Plot position was geo-
referenced using a global positioning system in the New Zealand Map Grid coordinate 
system.  
 
Vegetation measurements 
To measure overstorey species composition and carbon storage in each 20 m x 20 m plot, all 
stems ≥ 2.5 cm diameter at breast height (DBH = 135 cm) were identified to species, tagged 
and the DBH outside bark measured following Hurst and Allen (2007). All moss and debris at 
breast height was carefully removed from large trees prior to diameter measurements and 
lianes growing up tree trunks were also not included. Multiple stems at breast height were 
tagged and bracketed in record sheets to differentiate that they come from the same 
individual. Stem diameter was always recorded at 135 cm, even when stems were leaning. 
Epiphytic trees were measured and tagged when rooted < 135 cm from the ground, while 
epicormic shoots were not recorded at all, nor were lianes and climbers. Tree ferns were only 
tagged when the rhizome of the plant was solid at 135 cm height. Small (< 10 m high and < 
10 cm DBH) tree heights were measured directly using an 8m tape measure, while large (> 10 
cm DBH) tree heights were estimated using a Suunto™ height gauge. Diameters and heights 
of standing dead trees were also recorded and allocated a decay class from 1 to 4 according to 
Payton et al. (2004).  
All woody saplings (> 135 cm high, < 2.5 cm DBH) were counted and identified, in 
order to determine sapling species composition. Sapling height was determined at the highest 
resting height and follows Hurst and Allen (2007). Tree ferns were also counted as saplings 
when foliage was > 135 cm high but without a solid pith at 135 cm. 
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CWD measurements followed Payton et al. (2004), with the exception of standing 
dead trees, which were measured and recorded during live tree measurements (above). All 
CWD (dead wood > 10 cm diameter) was measured in each plot where the length and two 
orthogonal diameters at each end were taken. The length was measured along all points where 
the diameter exceeded 10 cm. As for standing dead trees, a decay class of 1 to 4 according to 
Payton et al. (2004) was assigned to each. 
 
3.3. Carbon estimation 
Live plant 
Carbon storage in live vegetation can be estimated as half (50%) of the AGB of trees, which is 
the typical dry weight concentration of C in biological material (Hall et al. 2001). Since the 
biomass of the understorey is only a small fraction of the total carbon in most forests (Clarke 
et al. 2001; Brown 2002; Goodale et al. 2002) total AGB was estimated only from trees > 2.5 
cm DBH and > 135 cm high using the following relationship as per Coomes et al. (2002;  
Equation 1): 
 
AGB = 0.0000598ρ (d2h)0.946 (1 - 0.0019d) + 0.03d2.33 + 0.0406d1.53 
Equation 1 
 
where h is tree height (m), d is diameter at breast height (cm), and ρ is species-specific basic 
wood density (kg/m
3
), taken from the global wood density database (Zanne et al. 2009). 
Where species-specific wood densities were not available, genus or family means were used, 
and where the latter means were not available, a mean of all wood densities in the plot was 
used. The first term in the above equation represents stem wood mass, with an allowance for 
hollow trunks (1 – 0.0019d), and the second and third terms are branch and leaf components, 
respectively. Beets (1980) derived the relationship after destructively sampling 14 canopy 
trees (N. fusca, N. menziesii, N. truncata, and Podocarpus ferrugineus) and 36 sub-canopy 
trees (W. racemosa) in a mature beech-podocarp community on the west coast of New 
Zealand’s South Island. Biomass values were summed for each plot and expressed in t/ha, 
then converted to a carbon stock (C-stock) using a conversion factor of 0.5 (Hall et al. 2001). 
The C-stock was corrected for the mean slope of the plot by dividing the estimate by 
cos(slope) and the mean for each plot was determined. It should be noted that biomass 
regression relationships are often site- and species-specific (Coomes 2002) and applying these 
relationships to a different set of species and sites is often questioned (Schmitt and Grigal 
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1981; Ketterings et al. 2001). However, it is the only published biomass equation developed 
from New Zealand species and the costs and difficulties of collecting biomass data are simply 
not feasible (Ketterings et al. 2001). No estimates were made for root biomass at this point as 
it is very difficult to get an accurate estimate in the field and equations to calculate root 
biomass are quite coarse.  
 
Coarse woody debris 
The C-stock of standing dead trees and CWD was estimated by multiplying the log volume by 
the dead-wood density (fresh-wood density x decay stage modifier) according to Coomes et 
al. (2002). Because it was difficult to identify these logs to species, a mean fresh-wood 
density (490 kg/m
3
) was used (Coomes et al. 2002) in combination with the following decay 
stage modifiers: Stage I – 0.82; Stage II – 0.66; Stage III – 0.47. The biomass of all CWD in 
the plot was calculated as (Equation 2): 
 
CWD biomass = (log volume) x (fresh-wood density) x (decay-stage modifier) 
Equation 2 
 
Again, biomass values were summed for each plot and expressed in t/ha, then converted to a 
C-stock by multiplying by 0.5 as for AGB, since the C content of rotting wood tends to 
remain close to 0.5 (Allen et al. 1997). The CWD C-stock was also corrected for the mean 
slope of the plot by dividing the estimate by cos(slope) and the mean for each plot was 
determined. 
 
3.4. Selection of environmental variables affecting carbon storage 
As mentioned previously, various studies looking at forest C above-ground have shown that C 
content is potentially influenced by factors such as climate, vegetation, forest stand 
characteristics, topography, and soil fertility represented by physical and chemical properties 
of the soil `(Grigal and Ohmann 1992; Laurance 1999; Banfield et al. 2002; Carmona et al. 
2002; Houghton 2005; Kennedy et al. 2008; Richardson et al. 2009; Laumonier 2010). This 
study will therefore look at a number of variables representing topography, stand 
characteristics and site fertility. Topographical variables often reflect aspects of complex 
environmental gradients that affect site conditions, such as temperature, solar radiation, 
moisture and erosion. Stand characteristics tell us about the vertical structure, stand density 
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and compositional diversity of a forest stand and site fertility affects decomposition and 
mineralisation rates in the soil.  
 
Data extraction/collation 
Using the GPS coordinates from each sample plot location, all topographic variables were 
extracted in the GIS ArcGIS 9.2 (Table 1; ESRI 2008). Elevation was obtained from a 25 m 
resolution digital elevation model (DEM) (Barringer et al. 2002) and from this DEM, aspect, 
slope gradient, slope curvature and solar radiation were calculated with built-in functions. 
Due to the circular nature of aspect, it was transformed to a west-east gradient (eastness) and a 
south-north gradient (northness) by sin(aspect) and cos(aspect) respectively (Mardia and Jupp 
2000). Topographic position index (TPI) gives an indication of a plot’s position in the 
landform (e.g. top of hill) and was obtained using the TPI extension (Jenness 2006). A few 
other environmental variables representing productivity and moisture were also extracted. 
Normalized difference vegetation index (NDVI; Rouse et al. 1974), a measure of “greenness”, 
for each plot was calculated from a satellite image of the study area by subtracting the red 
wavelength (R) from the near infrared wavelength (NIR) and dividing that value by the NIR 
plus the R. Soil wetness index, SWI, a measure of soil moisture, was also determined in the 
GIS by taking the log of flow accumulation divided by the slope for each plot. October 
vapour pressure deficit (VPD), the difference between the actual water vapour pressure and 
the saturation water vapour pressure at a certain temperature in the month of October, and 
water balance ratio (WBR), the ratio of rainfall to evaporation calculated for each month and 
averaged over one year, were both obtained from the underlying layers used to create the 
Land Environments of New Zealand dataset (LENZ – Leathwick et al. 2002).  
Stand characteristic variables were calculated from the data collected during this study 
(Table 1). Mean stand level basal area and tree height were calculated from the tree data for 
each, while a measurement of tree species diversity, the Shannon-Wiener diversity index was 
calculated by (Error! Reference source not found.):  
  
H = -    (pilnpi) - [(S-1) / 2N]                                                                        
Equation 3 
 
where S is the species richness, pi is the relative abundance of each species and N is the total 
number of all individuals.  
 Finally, the variables representing soil fertility - SF1, SF2 and SF3 - were obtained via 
ordination using principal components analysis (PCA), which was used to reduce nine 
∑
• i =1 
S 
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measured soil properties into a smaller number of axes representing different elements of soil 
fertility (see Chapter 3, section 4.2). Parent material, or rock type, was determined from the 
Land Resource Inventory of New Zealand (LRI). 
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Table 1: Description of the above-ground explanatory variables. 
Variable  Description Ecological meaning Calculation 
GIS-derived    
Elevation meters above sea level (m 
a.s.l.) 
 
temperature, moisture, CO2 pressure  
Eastness West-east slope direction 
(-1 to 1) 
 
solar radiation sin(aspect) 
Northness South-north slope 
direction (-1 to 1) 
 
solar radiation cos(aspect) 
Slope gradient  Steepness or incline of a 
surface (degrees) 
 
solar radiation, stability, erosion, 
moisture 
 
Slope curvature Convexity or concavity of 
a surface 
 
erosion and runoff 
 
 
Solar radiation Measure of insolation 
(sun energy) received on a 
given surface area in a 
given time (WH/m
2
) 
 
temperature  
NDVI Normalised difference 
vegetation index 
 
greenness; productivity (NIR–
R)/(NIR+R) 
SWI Soil wetness index; a 
measure soil moisture 
soil moisture log(flow 
accumulation / 
slope) 
TPI Topographic position 
index 
 
position in landform (e.g. top of hill)  
VPD October vapour pressure 
deficit 
difference between actual water vapour 
pressure and saturation water vapour 
pressure at a certain temperature in 
October 
 
 
WBR Monthly water balance 
ratio  
ratio of rainfall to evaporation for each 
month and averaged 
 
 
Stand characteristics   
Basal area Mean basal area of trees 
in forest plot 
stand density 
 
0.00007854 x 
DBH
2
 
 
Height Mean height of trees in 
forest plot 
 
vertical structure   
 
 
H= -    (pilnpi)-
[(S-1)/2N] 
Diversity Shannon-Wiener diversity 
index 
compositional diversity 
 
Site fertility   
Parent material 
 
Rock type (granite, 
mudstone and sandstone) 
 
soil formation, properties and nutrient 
potential 
 
SF1 Soil fertility gradient 1 
 
primary and secondary nutrients  
SF2 Soil fertility gradient 2 
 
acidity/alkalinity  
SF3 Soil fertility gradient 3 
 
phosphorous  
 
∑
• i =1 
S 
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3.5. Data analysis 
The spatial distribution of vegetation is controlled, in part, by environmental factors, which 
influence the composition, structure, and functioning of vegetation communities (Newell and 
Leathwick 2005) and will help us to understand the spatial distribution of forest C. To 
examine this, (1) sample plots were classified into different forest communities using a 
combination of ordination, cluster analysis and indicator species analysis and the relationship 
of sample plots to environmental variables was determined; (2) the spatial variability of the 
above-ground C pools (live plant biomass and CWD) was examined in relation to forest 
community type, and (3) finally the direct relationship of above-ground C quantities to 
various environmental variables was investigated with model selection using linear mixed 
effects modelling. These are explained in more detail below. All analyses were performed in R 
version 2.11.1 (R Core Development Team 2010). 
 
Forest communities and their relationships with environmental variables 
and above-ground carbon storage 
 
Ordination of species abundances 
Ordination is a method of data reduction and exploration used in community ecology 
primarily to discover and describe strong patterns in species composition. Ordination is often 
then followed by a clustering analysis in order to produce site or species clusters (Dufrêne and 
Legendre 1997). According to Gower (1984), ordination refers to the representation of 
different objects – plots, for example – as points along one or more axes. The first axis is in 
the direction that captures as much variance as possible, while the second axis, orthogonal to 
the first, accounts for the maximal remaining variance, and so on for as many axes as desired 
(Gauch 1982). The amount of variation explained by each axis is given by the eigenvalue 
(Legendre and Legendre 1998).  
Principal coordinates analysis (PCoA) (Gower 1966) was the method of ordination 
used as input to the cluster analysis since it significantly improves the ability of the clustering 
algorithm to detect groups compared with principle components analysis (PCA; Chae and 
Warde 2006), and allows the use of non-Euclidean distances or similarity coefficients, as 
Euclidean distances are not suitable for species count data (Legendre and Legendre 1998). In 
this case, Jaccard’s coefficient was used to produce a similarity matrix based on species 
abundance data. Jaccard’s coefficient is widely used in ecology, as it is insensitive to double 
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zeros (Legendre and Legendre 1998). Double zeros are a problem in ecology since a species 
that is present at two sites gives an indication of the similarity of these sites; however, if a 
species is absent from two sites, it could be because the two sites are both above the optimal 
niche value for that species, or both are below, or one site is above and the other below that 
value (Legendre and Legendre 1998). Therefore, no ecological conclusion should be drawn 
from the absence of a species at two sites (Legendre and Legendre 1998). Species that 
occurred in less than 5% of plots were not included in the analysis in order to reduce the 
variation in the full data set. 
 
Spatial variation of above-ground carbon by forest community type 
Classification of sites into clusters was computed by hierarchical agglomerative cluster 
analysis of a data matrix representing the ordination axes of the PCoA. Ward’s minimum 
variance method of linkage was used (Legendre and Legendre 1998). Hierarchical techniques 
represent groups as a dendrogram or tree diagram (McCune and Grace 2002), which indicates 
relationships among the groups. Agglomerative procedures group objects successively into 
larger and larger clusters until at last a single cluster containing all groups is obtained 
(Legendre and Legendre 1998).  
The Dufrêne and Legendre indicator species analysis gives ecological meaning to 
groups discovered by clustering, and therefore provides the criteria to compare typologies 
derived from data analysis (Legendre and Legendre 1998). Output from the indicator species 
analysis can be used to quantitatively and objectively choose an optimum number of clusters 
that are ecologically meaningful (McCune and Grace 2002) by averaging the resulting 
indicator p-values across all species at each step of clustering and finding the smallest average 
p-value. This method of analysis combines the relative abundance of species with their 
relative frequency of occurrence in the group (Dufrêne and Legendre 1997). Indicator species 
can be defined as the most characteristic species of each cluster. A good indicator is found 
mostly in a single group and is present in most of the sites belonging to that group (Legendre 
and Legendre 1998). The statistical significance of each species indicator value was 
determined using the Monte Carlo randomization technique (McCune and Grace 2002). For 
this analysis 1000 iterations were used. The Dufrêne and Legendre indicator species analysis 
was run using the Ordination and Multivariate Analysis for Ecology (labdsv) package 
(Roberts 2007). 
Total and mean C storage was calculated for the live plant and CWD carbon pools. 
Mean C storage in each pool was then calculated for each forest community and significant 
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differences in C storage between communities were investigated with multiple comparisons 
using analysis of variance (ANOVA). 
 
Relationships of above-ground carbon quantities to environmental variables 
Since the data are hierarchically structured – plots nested within transects –linear mixed 
effects modelling was used to account for spatial dependencies within the hierarchical groups 
through the introduction of a random effect, in this case, transect (Pinheiro and Bates 2000, 
Rhodes et al. 2009). The information-theoretic (IT) approach of model selection (Burnham 
and Anderson 2002) was used to determine which abiotic variables were important 
determinants of aboveground C storage distribution throughout the Mokihinui watershed. 
 
Model selection 
Model selection is being used increasingly when performing multiple regressions in 
ecology (e.g. Beckage and Stout 2000; Hobbs et al. 2003; Papaik and Canham 2006; Rhodes 
et al. 2006) as an alternative to traditional null hypothesis testing, specifically stepwise 
multiple regression, and recently has been strongly advocated (Eberhardt 2003; Johnson and 
Omland 2004). The weaknesses of stepwise multiple regression have been widely recognized 
mainly due to bias in parameter estimation, inconsistencies among model selection algorithms 
and reliance on a single best model (Johnson et al. 2004; Stephens et al. 2005). Model 
selection using IT methods, on the other hand, has several key advantages. First, individuals 
are no longer limited to evaluating only a single model whose significance is tested against an 
arbitrary probability threshold. Second, competing models can be ranked and weighted, 
providing a measure of relative support for each; and third, model averaging can be used to 
make more robust parameter estimates where there is similar support for models from the data 
(Johnson and Omland 2004).  
This study follows information theoretic protocols as described in Burnham and 
Anderson (2002). With model selection, finding an appropriate model involves a trade off 
between model bias and model precision and this is frequently accomplished using Akaike’s 
information criterion (AIC) to compare models. First, a series of generalized linear mixed 
effects models was developed using every combination of explanatory variables possible and 
their AIC values were calculated using the following formula (Equation 4): 
 
AIC = -2L + 2k  
Equation 4 
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where L is the log-likelihood and k is the number of parameters in the model. The absolute 
value of AIC is irrelevant, rather it is the relative differences in AIC values that are important, 
with a lower value indicating a better model fit. In this case, a correction factor was added to 
the AIC value because of this study’s small sample size (Hurvich and Tsai 1989; Equation 5):  
 
AICc = AIC + [ 2k (k+1) / (n-k-1) ] 
Equation 5 
 
Alternative models were ranked by rescaling the AICc values so that the model with the 
smallest AICc had a value of 0 (i.e. ∆i = AICc,i – AICc,min). Models where ∆i ≤ 2 are considered 
to have substantial support, values of 4-7 have considerably less support, and those ≥ 10 have 
no empirical support and can be ignored.  
Comparison of models was done by calculating their Akaike weight (wi), which is the 
probability that each model is the actual best model in the set and therefore, provides an 
estimate of model selection uncertainty. Akaike weights are determined using the formula 
(Equation 6): 
  
 wi = [ exp (-1/2∆i) ] /       exp (-1/2∆j ) 
Equation 6 
 
where ∆i  is the difference between the AICc for model i and the model with the lowest AICc 
and the sum is over all the alternative models in the set j=1,…, R (Burnham and Anderson 
2002). Using these weights, a 95% confidence set of models can then be found beginning 
with the model with the highest weight and adding the model with the next highest weight 
until the cumulative Akaike weight exceeds 0.95 (Burnham and Anderson 2002). The relative 
importance of each variable was also examined by summing the Akaike weight of every 
model that included that particular variable (Burnham and Anderson 2002). When no single 
model is clearly superior (i.e. wbest < 0.9) model averaging may be used, which accounts for 
model selection uncertainty and gives robust estimates of model parameters (Johnson and 
Omland 2004). A weighted average of the parameter estimates,   , is calculated as follows 
(Equation 7):  
 
   =      wi 
Equation 7 
 
∑ 
j=1
1 
R 
i   ∑ 
i=1 
R 
 
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where     is the estimate of    from the ith model, or is zero if not present in that model 
(Johnson and Omland 2004).  The variance of these estimates can be used to assess the 
precision of the estimate over the confidence set, while accounting for model selection 
uncertainty, and is calculated by (Equation 8): 
 
var (   ) =     wi [ var(   |gi) +  (   -   )
2
] 
Equation 8 
 
where var(  | gi) is the estimate of the variance from the ith model (Johnson and Omland 
2004). 
 
Variable selection 
Eighteen explanatory variables related to topography and climate, stand characteristics 
and site fertility were initially considered as predictors of above-ground C storage since 
previous studies have shown these factors to be potentially important influences on C storage: 
11 GIS-derived topographic and climatic variables, 3 forest stand characteristic variables and 
4 site fertility variables (Table 1). The relationships between continuous variables were 
assessed using the Spearman rank correlation coefficient (Table 2). Spearman’s coefficient 
was chosen rather than Pearson correlation coefficients because the former makes no 
assumptions regarding linearity (Zar 1996). Pairs with correlations > 0.50 can be considered 
proxies of each other (Rhodes 2006) and the variable with the higher AICc value based on a 
univariate mixed model should be removed. To further reduce the possible number of 
explanatory variable combinations to a manageable level, a PCA was then performed on all 
GIS-derived variables and the variables with the highest axis scores for PC1 and PC2 were 
chosen for input into the models. These variables were VPD and slope curvature (Table 2). 
However, since VPD was highly correlated with elevation (-0.91, p < 0.001), it was omitted 
and elevation was retained because it had a lower AICc value, and, since it showed the next 
highest correlation with PC1, it was selected for input into the models along with slope 
curvature. All stand characteristic variables were included, as well as the site fertility variable, 
parent material. Parent material is a categorical variable with three levels – granite, mudstone 
and sandstone – and, as such, k-1 (in this case, 2) dummy variables were created for input into 
the models. These dummy variables represent the presence of mudstone and sandstone 
relative to the presence of granite. Soil fertility gradient 3 (SF3) was omitted due to a 
correlation with elevation (0.51, p < 0.01), leaving SF1 and SF2 for inclusion in the models. A 
final total of 8 explanatory variables were thus included in the models. Prior to fitting each of 
i  
   ∑
i=1 
R 
i      
 
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the models, the continuous explanatory variables were standardized to a mean of zero and a 
standard deviation of one. No transformation of variables was required in order to meet the 
assumption of normality in the response variables required by mixed effects models (Zuur et 
al. 2009). Mixed effects models were run using the Linear and Nonlinear Mixed Effects 
Models (nlme) package (Pinheiro et al. 2009). 
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Table 2: Spearman Rank correlation coefficients for all potential explanatory variables for above-ground carbon storage in the North Mokihinui watershed. Divers 
= Shannon-Weiner Diversity Index; BA = Basal area; Elev = elevation; Curv = slope curvature; EW = eastness; NS = northness; SR = solar radiation; SWI = soil 
wetness index; NDVI = normalized difference vegetation index; VPD = October vapour pressure deficit; WBR = water balance ratio TPI = topographic position 
index; SF1,2,3 = soil fertility variable 1, 2,3. 
 Divers BA Height Elev Slope Curv EW NS SR SWI NDVI VPD WBR TPI SF1 SF2 SF3 
Divers 1.00                 
BA -0.40 1.00                
Height -0.13 0.36 1.00               
Elev -0.30 0.31 -0.28 1.00              
Slope -0.19 0.21 0.22 0.24 1.00             
Curv -0.34 0.33 0.25 0.04 0.25 1.00            
EW -0.21 0.11 0.01 0.33 0.29 -0.06 1.00           
NS -0.01 0.11 0.14 0.09 0.12 0.02 -0.07 1.00          
SR 0.04 0.26 0.13 0.18 -0.39 0.09 -0.04 0.23 1.00         
SWI 0.20 -0.26 -0.17 -0.12 -0.39 -0.65 -0.02 0.10 0.10 1.00        
NDVI -0.01 0.08 0.36 -0.14 0.30 0.26 0.08 0.02 0.11 -0.26 1.00       
VPD 0.19 -0.10 0.37 -0.91 -0.25 0.03 -0.34 0.04 -0.01 0.14 0.13 1.00      
WBR -0.09 -0.07 -0.32 0.72 0.24 -0.08 0.27 -0.20 -0.20 -0.17 -0.07 -0.92 1.00     
TPI -0.16 0.37 0.27 0.25 0.42 0.54 -0.01 0.15 0.06 -0.76 0.30 -0.19 0.13 1.00    
SF1 0.04 0.18 0.03 0.09 -0.11 0.07 0.06 0.20 0.41 0.10 -0.03 0.01 -0.15 -0.04 1.00   
SF2 0.37 -0.09 -0.32 -0.10 -0.24 0.18 -0.21 -0.16 0.28 0.00 0.04 0.07 -0.07 0.11 0.14 1.00  
SF3 -0.08 0.16 -0.14 0.51 0.09 -0.01 0.30 -0.10 0.06 -0.27 -0.24 -0.44 0.31 0.37 0.03 0.07 1.00 
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Table 3: Axis scores of GIS-derived variables with principle component axis 1 (PC1) and PC2 from a 
principle components analysis performed on 42 sample plots in the North Mokihinui watershed. Variables 
marked with an asterisk were those chosen for input into the models. NDVI = normalized difference 
vegetation index; SWI = soil wetness index; TPI = topographic position index; VPD = October vapour 
pressure deficit; WBR = water balance ratio. 
GIS-derived variables PC1 PC2 
Elevation* 0.42 -0.31 
Slope gradient 0.36 0.15 
Slope curvature* 0.20 0.42 
Eastness 0.08 -0.29 
Northness 0.05 0.18 
Solar radiation -0.09 -0.08 
NDVI 0.17 0.33 
SWI -0.32 -0.30 
TPI 
 
0.35 0.39 
VPD -0.46 0.36 
WBR 0.41 -0.30 
Standard deviation 1.76 1.48 
Variance explained 0.28 0.20 
Cumulative variance explained 0.28 0.48 
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4. Results 
4.1. Forest communities and their relationships with above-ground 
carbon storage and environmental variables 
 
Forest communities and attributes 
Seven distinct forest communities were recognized from the cluster and indicator species 
analyses (Figure 3), most with statistically significant indicator species (Appendix 1). 
Communities differed significantly in mean elevation, mean solar radiation and VPD, as well 
as both stand characteristics, but did not differ based on aspect (eastness or northness), slope 
gradient, slope curvature, NDVI, SWI, TPI or WBR (Table 4, Figure 4). Hardwood-
dominated mixed forests comprise 13 of the 42 sample plots (30%), while beech-dominated 
forests comprise the remaining 29 plots (70%). In general, the hardwood-dominant and 
mixed-hardwood-beech forest plots (communities 1 and 2) are located mainly in the western 
part of the watershed, while the beech-dominant forest plots (communities 3, 4, 5, 6 and 7) are 
more prevalent in the watershed’s eastern parts. This may be due to differences in geology and 
substrate, as the western portion of the watershed is primarily granite while the eastern areas 
are composed of mixed sedimentary rocks (primarily mudstone and sandstone), and/or due to 
the prevalence of landslide disturbances in the eastern parts of the study area, which can have 
a large influence on forest succession and species composition. There were distinct 
differences among the seven forest community types in both overstorey (tree tier) and 
understorey (sapling tier) species composition (Appendix 2). The most diverse forest types 
were communities 1 and 2 – hardwood-dominant mixed forests located in the west and central 
parts of the study area – and community 6 – upper-slope silver-mountain beech forests. The 
remaining beech dominant forest communities were on the whole less diverse. A description 
of each forest community follows. 
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Table 4: Results of ANOVA comparisons between forest communities in the North Mokihinui watershed 
and continuous environmental variables. Variables with p-values < 0.05 are marked with an asterisk. 
NDVI = normalized difference vegetation index; SWI = soil wetness index; TPI = topographic index; VPD 
= vapour pressure deficit; WBR = water balance ratio; SF1 = soil fertility gradient 1; SF2 = soil fertility 
gradient 2; SF3 = soil fertility gradient 3. 
Variable F p-value 
Elevation * 5.826 < 0.001 
Eastness 1.422 0.234 
Northness 0.635 0.701 
Slope gradient  1.453 0.223 
Slope curvature 0.955 0.470 
Solar radiation * 3.481 0.008 
NDVI 0.989 0.448 
SWI 0.847 0.543 
TPI 0.881 0.519 
VPD * 3.748 0.006 
WBR 1.979 0.100 
Mean basal area * 2.492 0.041 
Mean height * 2.508 0.040 
Diversity 0.625 0.434 
SF1 0.398 0.533 
SF2 0.009 0.924 
SF3 * 6.505 0.016 
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Figure 3: Scatterplot showing site scores and forest community clusters from a principal coordinates 
analysis of 56 species that occurred in 42 sample plots throughout the Mokihinui watershed. Community 1 
– black; community 2 – yellow; community 3 – red; community 4 – purple; community 5 – green; 
community 6 – dark blue; community 7 – light blue. 
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Figure 4: Boxplots showing the relationships between forest community and (a) eastness, (b) northness, (c) 
slope curvature, (d) elevation, (e) normalised difference vegetation index (NDVI), (f) slope gradient, (g) 
solar radiation, (h) soil wetness index (SWI), (i) topographic position index (TPI), (j) vapour pressure 
deficit (VPD), (k) water balance ratio, (l) mean basal area, (m) mean height, (n) diversity index, (o) soil 
fertility gradient 1 (SF1), (p) SF2 and (q) SF3. The median for each community is the dark horizontal line, 
the upper and lower quartiles are shown by the outer ranges of the boxes, and the upper and lower 
extremes are shown by the whiskers. The points represent outlying values for each community. 
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Figure 4: Continued. 
 
 
Community descriptions 
Community 1: Hardwood-dominant, mixed hardwood-beech forest 
Indicator species: Quintinia acutifolia, Weinmannia racemosa 
The overstorey of this community is dominated by hardwoods, including Weinmannia 
racemosa, Quintinia acutifolia, Metrosideros umbellata and Q. serrata, with an evident beech 
component (17% - Nothofagus menziesii and N. fusca). The understorey is diverse and 
dominated by Carpodetus serratus, Coprosma foetidissima, C. colensoi, Pseudowintera 
colorata, Phyllocladus alpinus and Rakaua simplex in relatively equal proportions. The plots 
comprising this forest type range in elevation from 380 m and 750 m, experience a mean solar 
radiation of 407,335 WH/m
2
, and a mean VPD of 21. Mean forest stand basal area and mean 
forest stand height are 0.33 m
2
 and 8.5 m, respectively. 
 
Community 2: Mid-slope, co-dominant mixed hardwood-beech forest 
Indicator species: Aristotelia serrata, Carpodetus serratus, Coprosma foetidissima, 
Coprosma linariifolia, Griselinia littoralis, Pseudopanax crassifolius  
The overstorey in this group contains a relatively equal proportion of W. racemosa, G. 
littoralis, Q. serrata, N. fusca and N. menziesii. The understorey is quite diverse, comprised 
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mainly of mid-to-lower altitude shrub species, including an abundance of C. foetidissima 
along with Coprosma linarifolia, Aristotelia serrata, Pseudopanax crassifolius, Carpodetus 
serratus, and P. colorata. The elevations for these plots fall between 460 m and 850 m with a 
mean solar radiation of 486,439 WH/m
2
 and a mean VPD of 19. Mean basal area for this 
community is 0.22 m
2
 and mean height is 6.3 m. 
 
Community 3: Mid-slope, mixed silver-red beech forest with sparse understorey 
Indicator species: none statistically significant 
N. menziesii is the dominant canopy species for this community, followed by N. fusca. The 
hardwood W. racemosa can also be found here in smaller numbers. The understorey is 
extremely sparse (mean sapling stem density of 97), composed mainly of Carpodetus serratus 
and Coprosma taylorii. Elevations of the plots range between 360 m and 1190 m with a mean 
solar radiation and mean VPD of 472,810 WH/m
2
 and 19 respectively. Mean basal area is 
0.48 m
2
, while mean height is 7.4 m. 
  
Community 4: Upper-slope, silver-red beech forest with P. colorata-M. divaricata dominant 
understorey 
Indicator species: Pseudowintera colorata 
N. menziesii and N. fusca co-dominate the canopy in this community with scattered trees of G. 
littoralis. The understorey is strongly dominated by P. colorata, followed by significant 
components of M. divaricata, C. foetidissima and C. taylorii. O. lacunosa and D. traversii are 
also prevalent, indicating that this community may be regenerating forest after a disturbance 
event. This group is found between 580 m - 1040 m a.s.l. and has a mean solar radiation of 
467,678 WH/m
2
. The mean VPD for this community is 20, mean basal area is 0.78 m
2
 and 
mean height is 7.2 m. 
 
Community 5: Upper-slope, silver-mountain beech forest with diverse understorey 
Indicator species: Coprosma pseudocuneata, Libocedrus bidwillii, Myrsine divaricata, 
Raukaua simplex 
N. menziesii is the main canopy species with N. solandri var. cliffortioides also present. 
Dracophyllum traversii are also found in the canopy, along with the occasional Libocedrus 
bidwillii. Scattered trees of G. littoralis can also be found. The understorey is quite dense 
(mean sapling stem density of 227) and, in general, is a mix of mid- and high-altitude species 
including M. divaricata, C. foetidissima, C. pseudocuneata and other Coprosma species, 
Archeria traversii, P. alpinus, Pseudopanax linarifolia, and Pseudowintera colorata. This 
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community is found at higher elevations of 780 m – 1000 m and experiences a mean solar 
radiation of 463,908 WH/m
2
 with a mean VPD of 17. The mean basal area of this community 
is 0.57 m
2
 and the mean height is 6.5 m. 
 
Community 6: High-altitude, silver-mountain beech forest with low-diversity understorey 
Indicator species: Archeria traversii, Coprosma affinis, Dracophyllum traversii, 
Halocarpus biformis, Pittosporum divericatum, Pseudopanax linarifolia 
N. menziesii and N. solandri var. cliffortioides are the dominant canopy species in this group 
with an abundance of D. traversii in the sub-canopy, indicative of higher altitudes. The 
understorey is not very diverse but is quite dense (mean sapling stem density of 227), 
composed mainly of Halocarpus biformis, A. traversii and P. alpinus. Coprosma affinis 
pseudocuneata is also found in some abundance and occasionally O. lacunosa. This 
community is found at very high elevations of 1100 m -1200 m and has a mean solar radiation 
of 425 067 WH/m
2
 and a mean VPD of 12. Mean basal area is 0.20 m
2
, and mean height is 
much shorter than the other communities, at 3.6 m. 
 
Community 7: Upper-slope, silver beech forest 
Indicator species: none statistically significant 
The canopy in this group is comprised almost purely of N. menziesii trees with a subcanopy of 
D. traversii and a few Griselinia littoralis. Where there are gaps in the sub-canopy, C. 
pseudocuneata, C. foetidissima, Myrsine divaricatadivaricata and P. colorata tend to form a 
dense shrubbery with other low growing Coprosma species. Olearia lacunosa is also present 
in the understorey. This community is mostly found between elevations of 950 m and 1120 m 
and experiences a mean solar radiation of 447 609 WH/m
2
. Mean VPD is 14 for this 
community, mean basal area is 0.68 m
2
 and mean height is 6.4 m. 
 
Spatial distribution of above-ground carbon storage 
Across all 42 sample plots above-ground mean ( standard deviation) C storage for the live 
plant pool was estimated at 204.6  113.9 t/ha. Mean C quantities varied by forest community 
type (Figure 5), and although they were not significant (ANOVA: F6, 35 = 1.86, P = 0.115), 
there were clear differences. The hardwood-dominant, western forest community types (1 and 
2) showed 1.5-fold lower live plant mean C quantity (147.26  69.04 t/ha) compared to the 
more easterly-located beech-dominant forest types (3, 4, 5, 6 and 7). Mean live plant C 
storage in the eastern communities was 230.3  121.5 t/ha, ranging from 130.6  38.8 t/ha for 
community 6 up to 275.2  129.1 t/ha for community 4 (Figure 5).  
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 Mean C storage for the CWD pool was estimated at 30.2  27.6 t/ha. Mean C 
quantities for each community were more varied than live plant C quantities (Figure 5), 
differing significantly across forest communities (ANOVA: F6, 35 = 2.73, P = 0.028). Mean 
CWD carbon storage for forest types in the east was 30.6  30.6 t/ha; however, C storage 
varied greatly between these communities, again showing the lowest mean C quantity for 
community 6 (6.8  0.3 t/ha) and the highest mean C quantity for community 4 (57.6  41.4 
t/ha), an over 8-fold difference. Communities 1 and 2 in the west were more similar, with 
mean C quantities of 29.7  19.6 t/ha and 29.3  22.3 t/ha respectively and an overall mean of 
29.5  20.2 t/ha. Carbon quantities for CWD were correlated with those of live plant C (0.55, 
p < 0.001). 
 
 
 
Figure 5: Mean plot-level above-ground carbon storage (t/ha) across the seven forest communities in the 
North Mokihinui watershed for (a) live plant biomass and (b) coarse woody debris. Error bars are ± 1 
standard deviation. Note the scales are different. 
 35 
 
4.2. Relationships of above-ground carbon quantities to 
environmental variables 
The most parsimonious model for live plant C (AICc = 289.52) contained all of the 
topographical, stand characteristic and site fertility variables and was well-supported 
compared to the other models, with an Akaike weight of 74%. Based on the most 
parsimonious model, there was also a high correlation between the observed and predicted 
values of live plant C storage (0.87, p < 0.0001). Upon on a visual examination of this 
model’s residual plot, there was no obvious spatial autocorrelation present. The 95% 
confidence set of models consisted of 6 of 255 total models, revealing some model 
uncertainty (Table 4). However, a common feature of these models was that they all contained 
the variables for slope curvature, basal area and parent material. Mean relative importance 
was 0.97 for the topographical variables and 0.96 for both the stand characteristic variables 
and the site fertility variables. For individual variables, the order of importance was: (1) basal 
area and parent material (relative importance index = 1.00), (2) slope curvature (0.98), (3) 
SF2 (0.97), (4) elevation (0.95), (5) height and diversity (0.94), and (6) SF1 (0.90). Model 
averaged coefficients for basal area, SF1 and mudstone were positive, whereas model-
averaged coefficients for elevation, slope curvature, height, diversity, SF2 and sandstone were 
negative (Table 4). 
For the CWD carbon pool, the most parsimonious model (AICc = 253.05) also 
contained all of the topographical, stand characteristic and site fertility variables and was 
relatively well-supported with an Akaike weight of 48%. There was a relatively high 
correlation between observed and predicted values for CWD carbon quantities (0.67, p < 
0.0001) and no spatial autocorrelation was obvious from examination of the residual plot. 
Sixteen of 255 total models made up the 95% confidence set of models (Table 5), indicating 
much more model uncertainty than for live plant C. The models did share some common 
variables, though, those of elevation and parent material. Mean relative importance was 0.93 
for the topographical variables, 0.89 for the stand characteristic variables and 0.86 for the site 
fertility variables. The order of importance for individual variables was: (1) parent material, 
(2) elevation, (3) diversity, (4) height, (5) slope curvature and basal area, (6) SF2 and (7) SF1. 
Positive model-averaged coefficients were found for slope curvature, basal area mudstone and 
sandstone, while the model-averaged coefficients for elevation, height, diversity and both soil 
fertility gradients were negative (Table 5). 
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Figure 6: Observed versus predicted values (with 1:1 lines) based on the most parsimonious model for (a) 
live plant and (b) coarse woody debris carbon storage for 42 sample plots in the North Mokihinui 
watershed. 
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Table 5: Model ranking, corrected Akaike’s information criteria (AICc), Akaike weight (w), coefficient estimates ( 1 standard error) and the relative importance indices 
for the 95% confidence set of models to explain carbon quantities in the live plant pool. SF1 = soil fertility gradient 1; SF2 = soil fertility gradient 2.   
    Topography Forest stand Site fertility  
Model Ranking AICc i w Elevation 
Slope 
curvature 
Basal area Height Diversity SF1 SF2 Mudstone
a Sandstonea 
1 289.52 0.00 0.74 -13.24  16.22 -21.65  12.90 85.52  14.42 -5.57  16.75 -6.88  16.74 2.53  11.86 -20.76  14.58 136.07  70.23  -27.61  30.43 
2 294.33 4.81 0.07 -14.61  15.90 -20.99  12.24 84.80  14.26 -6.34  16.06 -7.50  16.37  -21.03  14.42 136.40  68.59 -26.69  30.88 
3 295.08 5.56 0.05 -9.21  13.50 -22.68  12.29 85.00  13.21  -5.15  16.06 3.45  11.39 -19.21  13.43 130.07  67.15 -27.39  27.43 
4 295.11 5.59 0.05 -8.24  13.63 -20.76  12.37 88.47  13.31 -4.39  15.87  2.97  11.64 -21.69  13.42 127.90  66.09 -31.36  26.71 
5 295.37 5.85 0.04  -21.58  12.75 86.66  13.63 0.40  13.90 -0.16  14.42 3.68  11.68 -19.27  13.84 124.48  67.97 -32.63  26.87 
6 296.72 7.20 0.02 -11.28  16.57 -25.88  12.83 85.39  14.83 2.01  16.27 -13.04  16.59 3.31  12.10  117.06  70.41 -35.62  31.17 
Model average    -11.92  5.07 -21.04  4.14 83.07  4.63 -4.73  5.23 -6.14  5.25 2.41   3.70 -19.65  4.63 130.46  22.58 -27.25  9.73 
Relative 
importanceb 
   0.95 0.98 1.00 0.94 0.94 0.90 0.97 1.00 
a 
Effect relative to granite reference class.
 
b 
Mean relative importance index for the topographic, forest stand and site fertility variables was 0.97, 0.96 and 0.96, respectively.
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Table 6: Model ranking, corrected Akaike’s information criteria (AICc), Akaike weight (w), coefficient estimates ( 1 standard error) and the relative importance indices 
for the 95% confidence set of models to explain carbon quantities in the coarse woody debris pool. SF1 = soil fertility gradient 1; SF2 = soil fertility gradient 2.  
    Topography Forest stand Site fertility  
Model Ranking AICc i w Elevation Slope curvature Basal area Height Diversity SF1 SF2 Mudstone
a Sandstonea 
1 253.05 0.00 0.48 -15.16  6.68 4.17  5.41 14.56  5.87 -4.44  6.95 -6.40  7.01 -1.41  4.99 -2.29  5.93 45.77  29.55 5.07  11.44 
2 256.16 3.11 0.10 -14.93  6.49 3.91  5.15 14.49  5.74 -4.05  6.67 -6.28  6.85  -2.45  5.80 45.98  28.92 5.54  11.07 
3 256.60 3.55 0.08 -14.80  6.50 3.80  5.19 14.52  5.76 -3.63  6.55 -7.12  6.67 -1.37  4.90  43.01  28.27 3.85  10.85 
4 256.88 3.83 0.07 -15.21  6.62  14.93  5.81 -3.20  6.71 -7.54  6.80 -0.48  4.81 -1.51  5.75 46.70  29.27 5.90  11.29 
5 257.16 4.11 0.06 -12.90  5.59 3.49  5.20 13.33  5.47  -5.45  6.76 -0.78  4.83 -1.44  5.62 41.46  28.38 6.87  10.93 
6 257.61 4.56 0.05 -12.19  5.81 5.30  5.28 15.87  5.67 -3.10  6.77  -1.14  4.96 -3.82  5.72 38.00  26.32 5.01  11.39 
7 259.68 6.63 0.02 -14.59  6.32 3.46  4.94 14.45  5.64 -3.27  6.29 -7.00  6.52   43.26  27.68 4.32  10.50 
8 259.85 6.80 0.02 -15.13  6.43  14.89  5.67 -3.10  6.49 -7.47  6.61  -1.53  5.62 46.74  28.63 6.05 10.95 
9 260.15 7.10 0.01 -12.89  5.47 3.32  4.99 13.35  5.35  -5.43  6.61  -1.47  5.49 41.80  27.70 7.05  10.64 
10 260.27 7.22 0.01 -14.98  5.68  14.88  5.68 -2.77  6.38 -7.92  6.51 -0.51  4.71  44.88  27.86 5.07  10.61 
11 260.50 7.45 0.01 -12.93  5.48 3.28  5.03 13.44  5.34  -6.01  6.26 -0.82  4.72  40.22  27.39 5.90  10.05 
12 260.69 7.64 0.01 -12.06  5.66 4.99  5.00 15.79  5.55 -2.80  6.51   -3.77  5.60 38.38  27.57 5.40  11.03 
13 260.74 7.69 0.01 -13.49  5.46  13.94  5.33  -6.66  6.43 -0.13  4.67 -0.85  5.48 43.29  27.91 7.15  10.79 
14 260.98 7.93 0.01 -20.67  7.92 4.83  5.73  -2.68  7.67 -9.04  7.31 -2.04  5.18 -2.61  7.33 63.21  30.57 7.29  19.31 
15 261.38 8.33 0.01 -11.05  5.49 4.71  5.14 16.04  5.60 -1.52  6.27  -1.01  4.90  32.06  26.42 3.01  10.86 
16 261.47 8.42 0.01 -10.87  4.95 4.61  4.97 14.83  5.11   -0.71  4.79 -2.91  5.27 35.69  27.25 6.34  10.82 
Model average    -14.09  2.07 3.50  1.59 13.85  1.84 -3.49  2.07 -5.83  2.12 -0.98  1.43 -1.87  1.76 42.86  9.28 5.05  3.63 
Relative importanceb    0.98 0.87 0.87 0.88 0.91 0.73 0.85 1.00 
a 
Effect relative to granite reference class. 
b 
Mean relative importance index for the topographic, forest stand and site fertility variables was 0.93,  0.89 and 0.86, respectively.
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5. Discussion 
This chapter quantified above-ground C storage in the live plant and CWD carbon pools and 
examined the spatial variability of this C across the North Mokihinui watershed. It also 
investigated the relationship of above-ground C quantities with specific environmental 
factors. Spatial variation was not significant in the live plant pool, but was significant in the 
CWD pool according to forest community type. Model selection results highlighted the 
complexities of forest C storage and indicated that topographical, forest stand and site fertility 
variables were all important influences on above-ground C quantities, while forest stand 
characteristics and site fertility variables were less important for CWD carbon storage. 
 
5.1. Quantification and spatial variation of above-ground carbon 
pools 
Across all forty-two 20 m x 20 m forest plots, mean live plant and CWD carbon in the North 
Mokihinui watershed was estimated at 204.6  113.9 t/ha and 30.2  27.6 t/ha, respectively. 
These estimates agree relatively well with Coomes et al. (2002) who recently estimated live 
plant C storage at 174 t/ha and CWD carbon storage at 29 t/ha, based on 43 forest plots in a 
transect across the width of the South Island. In larger-scale studies, a nationwide estimate of 
179 t/ha was found for mean live plant C calculated from 574 vegetation plots all over New 
Zealand (Hall et al. 2001), while Hall and Hollinger (1997) estimated mean live plant C 
storage using data from almost 6000 plots throughout the South Island and Stewart Island at 
almost 300 t/ha. This discrepancy in estimated mean above-ground C quantities may be due to 
the varying degree to which the spatial variation in C quantities was accounted for in these 
studies. For example, with data from about 6000 plots, Hall and Hollinger (1997) would have 
incorporated the effects of spatial variation in live plant C storage across New Zealand to a 
much higher degree than Coomes et al. (2002) and Hall et al. (2001), so it is possible that 
their estimate is a more accurate one.  
For CWD this study’s estimate is very similar to the nationwide mean CWD carbon 
storage of 27 t/ha (54 t/ha CWD biomass/2) estimated by Richardson et al. (2009) from 
almost 900 sample plots across New Zealand. This study has demonstrated that even at the 
relatively small scale of a watershed, there is much local spatial variation in above-ground C 
quantities in the live plant and CWD pools. Large-scale studies of forest C in New Zealand 
have shown above-ground C quantities to differ based on forest type (Hollinger and Hunt 
1992, Hall and Hollinger 1997, Tate et al. 1997; Hall et al. 2001) and the present study 
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confirms that this is also true at a landscape scale. Seven forest communities were defined for 
the North Mokihinui watershed and although above-ground C storage in the live plant pool 
did not differ significantly among these communities there was a clear division between the 
two communities representing mixed hardwood-beech forest in the west and the five 
communities representing beech-dominated forests in the east. CWD carbon quantities, 
though, did differ significantly among forest communities. 
Live plant C quantities were higher in the eastern beech-dominant forest communities 
(230.3  121.5 t/ha) compared with the western mixed hardwood-beech communities (147.3  
69.0 t/ha). This is in contrast to the results of Hall and Hollinger’s (1997) national C 
inventory, where live plant C quantities in beech and beech-broadleaved forest classes show 
the opposite trend (262 t/ha versus 306 t/ha, respectively), and Hall et al.’s (2001) national 
estimate of 1990-baseline C-stocks which show the same (169 t/ha in beech forests versus 200 
t/ha in beech-broadleaved forests). A possible reason for these contrasting results could be the 
high degree of spatial variability present within beech forests, which are known to vary 
greatly in composition and stand structure (Wardle 1984). Considerable spatial variation in C 
quantities within the beech forest communities was found in this study possibly owing to 
varying abundances of 3 main species, N. fusca, N. menziesii and N. solandri var. 
cliffortioides. These results coincide with those of Hall et al. (2001) who also found C 
quantities to vary within beech communities, according to those representing an abundance of 
N. solandri var. cliffortioides, N. fusca and a mixture of N. fusca and N. menziesii.  However, 
the greater C quantities found in the beech dominated communities may also be due to 
disturbance. Seral shrubland, formed as a result of landslide events that occurred during the 
1929 Murchison earthquake, comprises approximately 19% of the North Mokihinui 
watershed (DoC 2007). Yet, the sample plots in this study do not contain an adequate 
representation of these disturbed areas. Sparse beech regeneration owing to heavy numbers of 
goat and deer (DoC 2007) would likely result in low above-ground C storage in these areas, 
which are found mostly in the eastern part of the study area. The random placement of 
transect lines within the watershed did not result in an adequate representation of these 
disturbed areas and so may have resulted in an overestimation of mean C quantities. 
 Mean CWD quantities were virtually equal for western hardwood/mixed hardwood-
beech forest communities (29.5  20.2 t/ha) and eastern beech-dominated communities (30.6 
 30.6 t/ha). These results conflict with those of Richardson et al. (2009) who found 
broadleaved-beech forests to contain almost twice as much CWD as pure beech forests. 
However, means for individual forest communities within the eastern beech forests were 
highly variable, ranging from 6.8  0.3 t/ha for community 6 (N. menziesii-N. solandri) to 
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57.6  41.4 t/ha for community 4 (N. menziesii-N. fusca). The significantly higher CWD 
quantities found in community 4 increased the mean of the beech communities and could 
indicate this community has suffered from a disturbance event in the past. From their study of 
an old-growth N. menziesii-N. fusca forest, Stewart and Burrows (1994) noted that large stores 
of CWD are often found in this forest type since N. fusca logs may stay on the forest floor for 
up to 200 years. On the other hand, in N. solandri beech forests, like community 6, large 
quantities of CWD are generally only found in very young stands since these forests usually 
regenerate in even-aged stands after catastrophic disturbances (Stewart and Allen 1998). 
 
5.2. The relationship of above-ground carbon quantities to 
environmental variables 
 
Live plant pool 
Live plant C storage is directly related to ABG and as such is influenced by environmental 
factors related to climate, topography, stand structure and site fertility (Banfield et al. 2002, 
Anderson et al. 2009). On the whole, live plant C quantities in the North Mokihinui watershed 
were best explained by topographical variables followed by stand characteristic and soil 
fertility variables. However, all three sets of variables had a strong influence, with basal area 
and parent material coming out as the most important individual explanatory factors. 
Topographical variables often reflect aspects of complex environmental gradients that 
affect site conditions, such as temperature and soil moisture (Lookingbill and Urban 2003). 
Results from this study indicated live plant C quantities decreased with increasing elevation 
and increasingly concave slopes. Temperature decreases and stress increases with elevation, 
and since plants need warmth for growth, shorter, smaller and less vigorous vegetation is 
often found at higher elevations. Smaller and probably fewer trees would result in lower AGB 
and consequently less live plant C storage. Harcombe et al. (1998) found a relationship 
between AGB and elevation in a stand of N. solandri on New Zealand’s South Island, while 
Asner et al. (2009) found the same in a Hawaiian tropical forest. The negative effect of 
increasing concavity on live plant C storage is somewhat counterintuitive. Concave sites often 
have characteristics that are more favourable to plant growth and net primary production, such 
as higher soil moisture and soil fertility (Gessler et al. 2000), and so one would expect higher 
AGB and C quantities. This study shows the opposite. Nevertheless, Thompson and Kolka 
(2005) suggest that on steeper slope gradients convex slopes may be more stable than concave 
slopes, the latter of which may experience convergence of flow and increased soil erosion. 
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The resulting soils would be shallower, rockier and lower in fertility, and this could have 
detrimental effects on AGB, and hence C storage.  
Looking at the relationship between selected forest stand characteristic variables and 
live plant C storage, larger mean basal area was associated with higher C quantities, but 
higher species diversity was associated with lower C quantities. The former relationship is 
expected and supports the findings of previous studies that have found the same (Grigal and 
Ohmann 1992; Harcombe et al. 1998; Mani and Parthasarathy 2007; Slik et al. 2010). In fact, 
the use of basal area as a surrogate for AGB is well-documented (Brown et al. 1989; Mani and 
Parthasarathy 2007). The negative relationship of C quantities with species diversity may be 
due to increased productivity of individual large trees in less diverse sites. Productivity has 
been positively correlated with AGB (Raich et al. 2006) and Whittaker and Niering (1975) 
showed that for mountain forests in Arizona, more productive, closed forests were less diverse 
than less productive, open forests. 
Focusing on site fertility, parent material was the most important determinant of live 
plant C storage (along with mean basal area). Lower live plant C quantities were associated 
with the presence of sandstone and higher quantities with the presence of mudstone, both in 
relation to granite. This could be due to the higher sand content of soils derived from 
sandstone compared with those from granite or mudstone. In Amazonian forests, Laurance et 
al. (1999) found a negative correlation between AGB and sand content, and Sales et al. (2007) 
found that forests with clay rich soils accumulate more above-ground volume than did those 
with sandy soils. As expected, live plant C quantities increased with increasing soil nutrients 
and decreasing acidity. Several studies carried out in various forest ecosystems around the 
world have found soil nutrients to positively affect AGB (Laurance et al. 1999; Banfield et al. 
2002; di Castilho et al. 2006; Sales et al. 2007; Paoli et al. 2008; Laumonier et al. 2010; Slik 
et al. 2010). Simply stated, greater amounts of nutrients means there are more resources 
available for plant growth (de Castilho et al. 2006) and, consequently, AGB will increase.  
 
Coarse woody debris pool 
In comparison to studies of AGB and live plant C in forests, relatively few studies attempted 
to address the relationship between environmental variables that influence CWD quantities. 
The amount of CWD in a forest is determined by ecological factors influencing inputs to and 
decomposition of the CWD pool (Harmon et al. 1986) and therefore, these factors will also 
influence CWD carbon storage. Topography was the most important for explaining CWD 
carbon quantities followed by stand characteristics lastly by site fertility. However, the effects 
of the individual variables were often opposite to what was expected.  
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Topographic effects on CWD carbon storage showed unexpected results for both 
elevation and slope curvature. Lower temperatures associated with increased elevations would 
tend to decrease the rate of decomposition, thereby promoting higher CWD carbon storage 
(Harmon et al. 1986), but this study shows the opposite. Perhaps this is because of lower 
CWD inputs at higher elevations due to the presence of smaller and probably fewer trees. The 
other unexpected result is that of increasing C quantities with increasing concavity. Concave 
sites have been found to have increased moisture content and higher soil fertility (Gessler et 
al. 2000), both of which would tend to increase decomposition rates and lead to lower CWD 
carbon storage. The opposite result found here indicates again, that inputs of CWD may be 
greater than outputs in more concave sites.  
Some results from the effect of stand characteristics on CWD carbon storage were also 
surprising. For example, greater mean forest stand basal area and shorter mean forest stand 
heights both had a negative effect on CWD carbon quantities, despite the fact that CWD input 
is often promoted by tall trees with large diameters (Richardson et al. 2009). A negative 
relationship between species diversity and CWD carbon storage was also seen. Perhaps this 
could be related to the dominance of N. menziesii-N. fusca in certain plots. These forests 
would tend to be less diverse than hardwood and mixed-hardwood beech forests and they 
often contain large and persistent quantities of CWD that can remain on the forest floor for up 
to 200 years (Stewart and Allen 1998).  
Site fertility was, overall, the least important influence on CWD carbon storage, 
although parent material was the most important individual explanatory factor. As soil fertility 
increased, CWD quantities decreased. This result is expected since the availability of more 
soil nutrients would increase rates of decomposition (Oades 1988). In addition, with higher 
soil nutrients, one would also expect the CWD to be higher in nutrients and evidence exists 
that wood decomposition is positively correlated with wood nutrient concentrations (Weedon 
et al. 2009). The effect of parent material, on the other hand, is a bit harder to elucidate. 
Higher CWD carbon storage was associated with the presence of mudstone in reference to 
granite. This could be due to the fact that higher live plant C storage was also found 
associated with mudstone and so there could simply be more potential for CWD input. 
However, less CWD was associated with the presence of sandstone in relation to granite, 
opposite to live plant C quantities and so other unknown factors must be influencing this 
relationship.  
These results indicate that CWD carbon storage across the North Mokihinui watershed 
is highly variable and that relationships with environmental factors are complex and will not 
be easily understood without further study. This finding is also corroborated by previous 
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studies on CWD quantities and environmental relationships (Stewart and Burrows 1994; 
Kennedy et al. 2008). In New Zealand, a regional study by Coomes et al. (2002) did not find 
any significant relationships between environmental variables and CWD. However, another 
recent study done at a national scale found that significant factors determining CWD 
quantities were VPD, AGB and forest composition, but these factors only represented 3% of 
the total variation and so were not good predictors (Richardson et al. 2009). They suggested 
that either CWD is highly variable, as the present study also suggests, or that important 
explanatory factors that were not included in the study were responsible for most of the 
variation in CWD quantities. For example, stand age and disturbance history, both strongly 
affect the amount of CWD in a forest (Harmon et al. 1986). These variables were also not 
measured directly in the present study and may be another reason for CWD carbon variability. 
 
6. Conclusions 
This study has demonstrated that landscape-scale spatial variability of above-ground C 
storage is high in both live plant and CWD pools. Above-ground C quantities varied by forest 
community type and were influenced by factors representing aspects of topography, stand 
characteristics and site fertility. Presently, there is a lack of in-depth study in New Zealand 
specifically regarding the spatial variability of above-ground C storage and its relationships 
with influential environmental factors. This study has reinforced the evidence that these 
relationships are complex, and further study is needed in order to increase the understanding 
of this subject. In particular, variables representing stand age and disturbance history should 
be incorporated into future models of CWD carbon storage since these are key environmental 
factors determining C quantities in each pool. Being able to reliably link environmental 
variables with the spatial variability of above-ground C storage at a landscape-scale will allow 
more accurate large-scale C estimates to be made that incorporate this spatial heterogeneity. 
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Chapter 3: Spatial variability of below-ground 
carbon pools in the North Mokihinui watershed 
 
1. Abstract 
Forest soils comprise a major reservoir of terrestrial C, but they are inherently highly spatially 
variable and this variability can complicate inventory estimates of soil C storage.  This 
chapter investigates the spatial variation of forest floor and below-ground C storage in the 
litter, humus and mineral soil pools at a watershed scale across distinct forest communities. 
Forest floor and soil samples collected from 35 forest plots in the North Mokihinui watershed 
on the west coast of New Zealand’s South Island were analysed for C and other chemical 
properties representing litter quality and soil fertility. Mean C storage for litter and humus was 
estimated at 0.6  0.2 t/ha and 11.0  8.9 t/ha respectively, and mean C storage for three soil 
layers – 0-10 cm, 11-20 cm and 21-30 cm – was estimated at 58.2  53.4 t/ha, 24.8  12.1 t/ha 
and 19.8  12.9 t/ha, respectively. Litter C quantities were relatively equal across all forest 
communities. However, for humus and the 11-20 and 21-30 cm soil layers, C quantities were 
much greater in communities dominated by beech species in the east of the watershed than for 
those representing a mixture of hardwood and beech (Nothofagus) species in the west. Soil in 
the 0-10 cm layer showed the opposite trend. Model selection using linear mixed effects 
models and an information theoretic approach indicated that site fertility, followed by litter 
quality and topography was most important for explaining mineral soil C quantities. As for C 
above-ground in the North Mokihinui watershed, these results emphasize the considerable 
variability of below-ground C storage at a small scale and stress the need for an increased 
understanding of forest C below-ground dynamics in order to better predict C quantities 
spatially. 
 
2. Introduction 
Globally, soils are estimated to contain 1,500 Gt of C, approximately three times more than is 
stored in vegetation or in the atmosphere (Bouwman 1990), with the largest part of this stored 
in forest soils (Trumbore et al. 1996), making them a major reservoir for terrestrial C. Because 
of this, even slight changes in soil C storage can impact greatly on the C balance between the 
terrestrial biosphere and the atmosphere (Parshotam et al. 1995) and so interest in trying to 
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assess the dynamics of soil C in relation to their potential to help mitigate rising atmospheric 
CO2 levels has recently increased (Lal 2005).  
Unlike above-ground C, the quantities of below-ground C can be calculated directly, 
but the high spatial variability of soils hinders the precise measurement of changes in soil C 
(Lal 2005) and creates difficulties for predicting its spatial distribution at landscape and larger 
scales (Li et al. 2010). Forest soils are inherently complex and spatially variable (Grigal et al., 
1991), due to natural heterogeneity of vegetation, microclimate, topography and the soils’ 
physical and chemical properties (Jenny 1994), especially in mountainous regions where there 
is the added complexity of rugged and steep terrain (Thompson and Kolka 2005; Li et al. 
2010). Consequently, soil C storage is also complex in nature (Arrouays et al. 1998; Tate et al. 
2000) leading to much uncertainty in its spatial distribution (Torn et al. 1997). Sequestered 
through the process of primary production, C enters the soil via tree litterfall where it is 
incorporated into the biomass of soil microorganisms during the process of decomposition. 
Thus, soil C storage depends on a combination of factors that affect these processes. A better 
understanding of how these factors relate to soil C storage at a landscape-scale will help to 
make more accurate predictions of soil C at this and larger scales (Kennedy et al., 2006).   
Although there has been some research in New Zealand regarding forest soil C, this 
work has primarily been focused on comparison of soil C quantities at a small scale, usually 
at stand level, between different ecosystems (Tate et al. 1995, 2000), land-use types (Ross et 
al. 1999) and age sequences (Davis et al. 2003; Hart et al. 2003; Scott et al. 2000), or at a 
large scale using mapped soil classes (Coomes et al. 2002; Scott et al. 2002; Tate et al. 1997, 
2005). However, the latter, especially in mountainous areas, typically do not reveal enough 
landscape-scale variability between different map units and can lead to uncertainties in 
estimations of soil C inventories (Thompson and Kolka 2005). Little work has been done on 
investigating landscape-scale spatial variation of soil C storage in indigenous forests in the 
field and on trying to relate this variation to environmental variables. Doing so is an important 
step in being able to develop relationships that will allow more accurate prediction of soil C in 
New Zealand at landscape and larger scales. In this study, forest floor and soil samples from 
35 of the 42 vegetation sample plots established in the North Mokihinui watershed were 
analysed and C quantities were estimated for each pool in order to ask: (1) What is the spatial 
distribution of forest floor and soil C (to 0.3 m) storage in relation to forest community type? 
(2) How does below-ground C storage in the mineral soil pool relate to environmental 
variables representing aspects of topography, litter quality and site fertility? 
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3. Methods 
The study area is described in Chapter 2, section 3.1.  
3.1. Data collection  
Methods for obtaining GIS-derived environmental variables are described in Chapter 2, 
section 3.4.  
 
Soil subplot establishment 
Forest floor (litter and humus) and soil samples were collected from within the forty-two 20 
m x 20 m vegetation plots. In order to measure C and soil chemical properties, separate litter, 
humus, and soil samples were collected from holes excavated within three 31.6 cm x 31.6 cm 
(0.1 m
2
) subplots situated at three overstorey subplot intersections labelled I, II and III (Figure 
7). 
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Figure 7: Sample plot layout showing the locations of soil subplots I, II and III. 
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Forest floor sampling 
Differences between humus, litter and soil follow the definition of McLaren and Cameron 
(1990), which describes litter as the top-most soil layer composed of generally recognizable 
plant debris < 2.5 cm in diameter and humus as decomposed litter, made up of at least 75% 
unrecognizable organic material that may sometimes contain a small component of mineral 
soil due to biological mixing. All litter and humus present in the subplots were collected 
separately, weighed, stored in labelled plastic bags and frozen for later analysis. 
 
Mineral soil sampling 
Mineral soil was sampled in three 10 cm deep tiers, to a total depth of 30 cm. When 
encountered, roots were cut along the edges of the subplot with secateurs or, when necessary, 
a pruning saw. All soil, roots, and small rocks present in each layer were removed, placed in 
plastic bags, and weighed on site. Large rocks that could be removed but not transported 
efficiently were weighed separately, and their volume calculated. Rocks that were unable to 
be removed were measured and their volume estimated. When it was not possible to sample 
soil due to obstacles, the entire subplot was shifted to the nearest suitable location.  After all 
weights for each 10 cm x 31.6 cm x 31.6 cm sample were recorded, representative sub-
samples of approximately 1000 g were removed from each layer and placed into labelled 
plastic bags, which were frozen as soon as possible. The remaining soil was placed back into 
the ground. 
 
Laboratory processing of samples 
Below-ground data from plots 4.30, 4.40, 4.50, 6.50, 7.2, 7.10 and 7.20 were not available 
due to transport issues, reducing the sample size from 42 to 35 plots. All litter, humus and soil 
samples were air-dried (25 °C) from frozen samples at Lincoln University’s Field Service 
Centre. Litter samples were ground to a uniform powder, while humus and soil samples were 
sieved to < 2 mm and ground to < 2 mm. Total C and N concentrations were determined from 
a representative sub-sample for all layers (litter, humus and three soil layers) using Lincoln 
University’s C/N elemental analyzer (Vario Max, elementar, Hanauer, Germany). In addition, 
the top 10 cm soil layer (bulked across 3 holes) was analysed at R. J. Hills Laboratories using 
standard techniques for determination of pH, Olsen’s phosphorous (plant available inorganic 
P), exchangeable cations (presence of potassium - K, calcium – Ca2+, magnesium - Mg2+ and 
sodium - Na
2+
), cation exchange capacity (CEC; ability to adsorb or retain these nutrients) and 
total base saturation (percentage portion of K, Ca
2+
, Mg
2+
 and Na
2+
 to the sum of all 
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extractable cations), which give a good indication of the relative fertility of the soils. Litter 
samples were analysed for cellulose, lignin and N content at Lincoln University and total P 
content at R. J. Hills Laboratories using standard techniques, to get an estimation of litter 
quality. 
3.2. Carbon estimation  
The C-stock of litter was calculated from sub-samples taken from the field from each of the 
three 31.6 cm x 31.6 cm subplots. Total C (%) was applied to the full litter sample weight and 
expressed in t. The mean litter C-stock for the three holes was then determined, extrapolated 
to the full 20 m x 20 m plot and expressed in t/ha. 
 The C-stock of humus and the three soil layers were also calculated from sub-samples 
collected from each of the three 31.6 cm x 31.6 cm subplots. The proportions of water, rocks, 
and roots were determined for each sample and subtracted from the weight of the full samples 
that were measured in the field in order to obtain only humus or soil C data. Percentage of 
total C was applied to the full sample weight and expressed in t. Humus and soil C 
concentration was averaged across the three holes, extrapolated to the full 20 m x 20 m plot 
and expressed in t/ha. 
 
3.3. Data analysis 
Forest soils are extremely complex and therefore so is below-ground C storage. Below-
ground C pools are influenced by many of the same environmental factors as above-ground C, 
such as topography, vegetation and site fertility (Arrouays et al. 1998; Johnson et al. 2000; 
McKenzie and Ryan 1999; Ryan et al. 2000; Cheng et al. 2004; Thompson and Kolka 2005; 
Zushi 2006; Zhong and Xu 2009; Li et al. 2010). Because of this, the same topographical and 
soil fertility variables that were used for the above-ground analysis (Chapter 2, Section 3.5) 
were also used for the below-ground analysis. However, in place of stand characteristics, litter 
quality variables (Table 7) were investigated since the quality of litter has a large influence on 
C mineralisation in the soil (Rasmussen et al. 2008).  
To explore the spatial variability of below-ground C storage and determine the effect 
of each of these components: (1) the spatial variability of forest floor (litter and humus) and 
below-ground (soil 0-30 cm) C pools were examined in relation to forest community type; (2) 
an ordination of soil chemical properties was performed to obtain fewer soil gradients 
representing different elements of soil fertility, and (3) the direct relationship of below-ground 
C quantities to topographic, litter quality and soil fertility variables was investigated with the 
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information theoretic approach of model selection using linear mixed effects modelling. These 
are explained in more detail below. All analyses were performed in R version 2.11.1 (R Core 
Development Team 2009). 
 
Table 7: Description of the litter quality explanatory variables. 
Variable  Description Ecological meaning 
Cellulose structural component of primary plant cell wall   
 
more cellulose, increased litter 
quality 
Lignin component of secondary plant cell wall; transport of 
plant fluids 
 
more lignin, decreased litter quality 
Phosphorous primary plant nutrient 
 
more phosphorus, increased litter 
quality 
Nitrogen primary plant nutrient 
 
more nitrogen, increased litter 
quality 
 
 
Spatial variability of forest-floor and below-ground carbon quantities 
Mean C storage was determined for the forest floor and mineral soil pools, as well as for each 
pool in each forest community and significant differences in C storage between communities 
were investigated with multiple comparisons using analysis of variance (ANOVA). 
 
Ordination of soil chemical properties 
Principal components analysis (PCA) was the method of ordination used to describe the major 
soil fertility gradients present in the soil using a set of 8 soil chemical variables. PCA can 
summarize in a few dimensions (principal component axes) most of the variability present in 
a large number of descriptor variables; it preserves Euclidean distances and is used for 
quantitative data with linear relationships (Legendre and Legendre 1998). Primary and 
secondary nutrients were log-transformed prior to analysis in order to obtain normal 
distributions (McCune and Grace 2002). The new axes describing the different gradients in 
soil fertility were then used as potential explanatory variables for both above-ground (see 
Chapter 2, section 4.2) and below-ground C quantities. 
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Relationships of below-ground carbon quantities to environmental 
variables 
As with above-ground C storage, mixed effects modelling followed by an information 
theoretic approach of model selection was used to find out which abiotic variables were 
important determinants of mineral soil C storage distribution to 0.3 m throughout the 
Mokihinui study area. A ranked 95% confidence set of models was determined from all 
possible combinations of predictor variables, and Akaike weights were determined to assess 
support for each model. Model averaging was then used to obtain robust estimates of 
parameter coefficients and the relative importance of each variable was determined. The 
continuous explanatory variables were standardized to a mean of zero and a standard 
deviation of one before fitting the models. 
Initially, nine explanatory variables representing topography, litter quality and soil 
fertility were considered as predictors of below-ground C storage since previous studies have 
shown these factors to have great influence. Parent material is a categorical variable with 
three levels (granite, mudstone, sandstone) represented by two dummy variables for the 
presence of mudstone and the presence of sandstone in reference to granite. The GIS-derived 
topographical variables elevation and slope curvature were chosen for their correlations with 
PC1 and PC2 respectively in the PCA performed in Chapter 2, section 3.5. Two soil fertility 
variables were chosen, each representing a different aspect of soil fertility as calculated in the 
PCA performed on soil chemical properties. Soil fertility gradient 3 was omitted due to its 
correlation with elevation (see Chapter 2, section 3.5). Finally, 4 litter chemical variables 
(cellulose, lignin, N and total P) were chosen as indicators of relative litter quality. Summary 
statistics can be found in Appendix 3. Relationships among litter quality variables and 
between the litter quality variables and the GIS-derived environmental variables and soil 
fertility variables were assessed using Spearman’s correlation coefficients (Table 8). A 
correlation of 0.75 (p < 0.0001) between litter N and litter P led to the exclusion of litter N 
from the potential predictive variables, since litter P had a lower AICc value according to their 
respective univariate mixed models, reducing the total number of explanatory variables to 8: 
elevation and slope curvature as topographical variables; parent material, SF1 and SF2 as site 
fertility variables; and cellulose, lignin and P as litter quality variables. None of these 
variables needed to be transformed to meet the normality assumption required of response 
variables in mixed effects modelling. Mixed effects models were run using the Linear and 
Nonlinear Mixed Effects Models (nlme) package (Pinheiro et al. 2009).  
 52 
Table 8: Spearman Rank correlation coefficients among litter quality variables, topographical variables and site 
fertility variables for below-ground carbon storage in the North Mokihinui watershed. Elev = elevation; Curv = 
slope curvature; SF1,2 = soil fertility variable 1, 2. 
 Elev Curv SF1 SF2 P Lig Cell N 
Total P  -0.02 0.31 -0.01 0.10 1.00    
Lignin 0.35 0.07 0.14 -0.24 -0.01 1.00   
Cellulose -0.38 -0.25 -0.09 -0.31 -0.32 -0.23 1.00  
Total N 0.25 0.17 0.09 0.00 0.75 0.13 -0.45 1.00 
 
4. Results 
4.1. Spatial variability of forest-floor and soil carbon quantities  
Mean ( 1 standard deviation) C storage across 35 sample plots was 0.6  0.2 t/ha for the 
litter pool and 11.0  8.9 t/ha for the humus pool. Mean litter C quantities did not differ 
significantly between the seven forest communities (ANOVA: F6, 24 = 0.85, P = 0.543) and 
were relatively equal across the watershed (Figure 8). In contrast, humus C storage did differ 
significantly among the forest communities (ANOVA: F6, 24 = 3.96, P = 0.007) and also 
showed a significant difference between the hardwood and mixed hardwood-beech dominated 
forest communities (communities 1 and 2) located in the west and the beech-dominated forest 
communities (communities 3, 4, 5, 6 and 7) located in the east of the study area (ANOVA: F1, 
29 = 31.85, P < 0.001). The easterly-located communities stored almost 8-fold more humus C 
than did the westerly-located communities, with means of 14.7  7.8 and 1.9  2.9 t/ha, 
respectively.  
Mineral soil C storage was calculated at three different depths, 0-10 cm, 11-20 cm and 
21-30 cm. At the 0-10 cm depth, mean C storage across 35 sample plots was 58.2  53.4 t/ha 
and although C quantities did not differ significantly across the forest communities (ANOVA: 
F6, 24 = 1.89, P = 0.124), significant differences were found between the hardwood and mixed 
hardwood-beech communities and the beech-dominated communities (ANOVA: F1, 29 = 13.4, 
P = 0.001), with the former storing 104.4  81.8 t/ha C versus 39.3  15.3 t/ha C for the latter, 
an almost 3-fold difference (Figure 8). At a depth of 11-20 cm, mean C storage was 24.8  
12.1 t/ha and communities differed significantly in C quantities (ANOVA: F6, 24 = 3.89, P = 
0.007); however, the opposite trend was seen here with easterly located hardwood and mixed 
hardwood-beech communities storing significantly more C than beech-dominated 
communities located in the west (Figure 8; ANOVA: F1, 29 = 27.58, P < 0.001). Mean C 
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storage for communities 3 through 7 was 29.4  10.7 t/ha, but ranged from 23.0  12.2 for 
community 3 to 37.2  8.6 t/ha for community 5, compared with a mean of 13.5  6.8 t/ha C 
for communities 1 and 2. The same trend was seen at a depth of 21-30 cm. Mean C storage 
was estimated at 19.8  12.9 t/ha and was significantly different among forest communities 
(ANOVA: F6, 24 = 2.84, P = 0.031) and between hardwood and mixed hardwood-beech and 
beech dominated communities (ANOVA: F1, 29 = 11.02, P = 0.002). Communities 1 and 2 
stored equal amounts of C with means of 10.9  7.41 t/ha and 10.9  10.4 t/ha, respectively, 
while communities 3 through 7 were much more variable, ranging from 11.7  9.3 t/ha for 
community 6 to 33.3  18.4 t/ha for community 5, with an overall mean of 23.5  12.8 t/ha. 
Overall mean C storage for the entire 30 cm depth of soil was 102.8  52.5 t/ha and did not 
show significant differences among communities (ANOVA: F6, 24 = 0.643, P = 0.695) or 
between hardwood and mixed hardwood-beech and beech dominated communities (ANOVA: 
F1, 29 = 2.51, P = 0.124) as the contrasting trends from the individual depths acted to reduce 
differences in C quantities across communities (Figure 8). Nonetheless, the western 
communities did show marginally higher C quantities (mean C 128.9  86.8 t/ha) than did the 
eastern communities (mean C 92.1  25.7 t/ha). 
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Figure 8: Mean plot-level carbon storage (t/ha) for (a) litter, (b) humus, (c) soil 0-10cm, (d) soil 11-20cm, 
(e) soil 21-30cm and (f) soil 0-30cm across the seven forest communities in the North Mokihinui 
watershed. Error bars are ± 1 standard deviation. Note the scales are different. 
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4.2. Ordination of soil chemical properties 
The PCA revealed 3 main soil gradients in the study area, which captured 84% of the total 
variation in the dataset (Table 9). PC1 accounted for 44% of the variation and described a 
gradient represented by increasing primary (N, K) and secondary (Mg
2+
, Na
2+
) soil nutrients. 
PC2 explained 30% of the variation and mainly described an increasing gradient in soil 
alkalinity, represented by the properties of pH, Ca
2+
 and total base saturation. Finally, PC3 
accounted for 11% of the variation and described a gradient in P. Summary statistics for all 
soil chemical variables can be found in Appendix 3. 
 
 
Table 9: Axis scores for soil chemical properties for principle component axis 1 (PC1), PC2 and PC3 and 
the importance of components from a principle components analysis performed on 35 sample plots in the 
North Mokihinui watershed.  
Property PC1 PC2 PC3 
pH -0.25 0.47 -0.28 
log(N) 0.38 0.07 0.02 
log(P) 0.26 -0.20 -0.72 
log(K) 0.39 -0.04 -0.40 
log(Ca
2+
) 0.05 0.57 0.00 
log(Mg
2+
) 0.46 0.15 0.01 
log(Na
2+
) 0.44 0.00 0.20 
Cation exchange capacity 0.40 0.20 0.41 
Total base saturation 
 
-0.03 0.59 -0.18 
Standard deviation 1.99 1.64 0.97 
Variance explained 0.44 0.30 0.11 
Cumulative variance explained 0.44 0.74 0.84 
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4.3. Relationships of below-ground carbon quantities to 
environmental variables  
The most parsimonious model for mineral soil C to 0.3 m (AICc = 281.64) contained all of the 
topographical, litter quality and site fertility variables and was well supported compared to the 
other models, with an Akaike weight of 62%. There was a relatively high correlation between 
observed and predicted values of mineral soil C (0.60; Table 10). Based on a visual 
examination of this model’s residual plot, there was no obvious spatial autocorrelation 
present. 
Eleven models comprised the 95% confidence set for the mineral soil C pool (Table 
8), revealing some model uncertainty, but a common feature of these models was that they all 
contained the variables representing parent material. Mean relative importance was 0.91 for 
the topographical variables, 0.93 for the litter quality variables and 0.94 for the site fertility 
variables. For individual variables, the order of importance was: (1) parent material, (2) SF1 
and SF2, (3) litter cellulose content, (4) litter lignin and P content, (5) elevation and (6) slope 
curvature. Model-averaged coefficients for slope curvature, litter cellulose content, SF2 and 
the presence of mudstone and sandstone relative to granite were positive, whereas model-
averaged coefficients for elevation, litter lignin and P content and SF1 were negative.  
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Figure 9: Observed versus predicted values (with 1:1 line) of soil 0-30cm carbon storage for 35 sample 
plots in the North Mokihinui watershed. 
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Table 10: Model ranking, corrected Akaike’s information criteria (AICc), Akaike weight (w), coefficient estimates ( 1 standard error) and the relative importance indices 
for the 95% confidence set of models to explain carbon quantities in the mineral pool. P = phosphorous; SF1 = soil fertility gradient 1; SF2 = soil fertility gradient 2.  
    Topography Litter quality Site fertility  
Model 
Ranking 
AICc i w Elevation 
Slope 
curvature 
Cellulose Lignin P SF1 SF2 Mudstone
a
 Sandstone
a
 
1 281.64 0.00 0.62 -1.37  11.39 3.27  9.95 8.62  12.20 -7.21  11.09 -8.36  10.19 -19.49  9.59 13.21  11.58 48.75  55.19 0.71  21.68 
2 286.16 4.52 0.07 -1.72  11.11  8.43  11.93 -6.37  10.57 -7.74  9.80 -18.96  9.26 13.33  11.34 49.54  54.01 1.06  21.21 
3 286.34 4.70 0.06  3.38  9.69 9.19  10.98 -7.61  10.33 -8.21  9.89 -19.43  9.37 13.53  11.02 48.22  53.77 0.34  20.97 
4 286.71 5.07 0.05 -3.60  10.72 1.78  9.56 9.72  11.92  -7.41  9.95 -20.33  9.38 15.24  11.01 46.90  54.39 -0.75  21.28 
5 286.79 5.15 0.05 -0.26  11.23 1.75  9.71 12.07  11.37 -5.91  10.89  -19.92  9.51 14.21  11.43 44.44  54.53 2.93  21.35 
6 286.98 5.34 0.04 -4.50  10.38 2.92  9.83  -8.30  10.85 -10.84  9.46 -19.31 9.48 9.80  10.41 56.68  53.42 -0.99  21.30 
7 287.68 6.04 0.04 -4.32  11.17 3.63  10.02 2.83  11.17 -10.62  10.75 -9.58  10.20 -18.77  9.64  69.00  52.61 8.25  20.78 
8 289.92 8.28 0.01 -0.31  12.16 -0.13  10.49 8.00  13.03 -10.28  11.74 -9.49  10.87  11.67  12.35 58.69  58.74 5.71  23.02 
9 290.82 9.18 0.01   9.14  10.77 -6.85  9.90 -7.53  9.50 -18.87  9.05 13.74  10.80 48.91  52.70 0.61  20.56 
10 291.07 9.43 0.01 -3.65  10.49  9.54  11.63  -7.12  9.61 -19.97  8.98 15.17  10.77 47.78  53.15 -0.45  20.77 
11 291.19 9.55 0.01 -0.50  10.91  11.81  11.04 -5.50  10.42  -19.60  9.15 14.24  11.19 45.06  11.85 3.03  20.89 
Model 
average 
   -1.56  3.50 2.67  3.03 8.07  3.78 -6.65  3.42 -7.65  3.15 -18.70  3.04 12.35  3.60 48.18  17.52 1.02  6.91 
Relative 
importance
b
 
   0.91 0.90 0.94 0.93 0.93 0.95 0.95 0.99 
a 
Effect relative to granite reference class. 
b 
Mean relative importance index for the topographic, litter quality and site fertility variables was 0.91, 0.93 and 0.96 respectively
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5. Discussion 
This chapter has quantified above-ground C storage in the forest floor (litter and humus) and 
mineral soil (0-10 cm, 11-20 cm, 21-30 cm) C pools and examined the spatial variability of 
this across the North Mokihinui watershed. A high degree of spatial variability was found for 
C in the humus and mineral soil layers according to forest community type, while little such 
variability occurred in the litter layer. Model selection results reinforced the complex nature 
of mineral soil C storage and demonstrated that site fertility variables were the most 
importance influences on mineral soil C quantities, followed by litter quality and topography. 
 
5.1. Quantification and spatial variability of forest-floor and below-
ground carbon pools 
Mean carbon storage across 35 forest sample plots in the North Mokihinui watershed was 
estimated at 0.6  0.2 t/ha and 11.0  8.9 t/ha for the forest floor litter and humus layers, 
respectively, and 58.2  53.4 t/ha, 24.8  12.1 t/ha and 19.8  12.9 t/ha for the mineral soil 
layers 0-10 cm, 11-20 cm and 21-30 cm, respectively. For the entire 0.3 m depth, mean 
mineral soil C storage was 102.8  52.5 t/ha. These results can be compared with the 
estimates of humus and mineral soil to 0.3 m calculated by Coomes et al. (2002) based on 
their 43 plot transect spanning the width of the South Island. These authors estimated a mean 
of 15.5 t/ha for the litter layer, 25 times higher than this study’s estimate. On the other hand, 
their estimate for mineral soil to 0.3 m was only 76.1 t/ha, only 74 % of the mean found here. 
In another study carried out in a Nothofagus truncata forest near Nelson on the South Island, 
Hart et al. (2003) estimated mean C quantities for the litter layer (leaves and twigs) at 5.7 t/ha, 
about five times greater than the present study’s estimate, for the humus layer at 5.6 t/ha and 
for the mineral soil layer to 0.2 m, 25.8 t/ha, both about half what was estimated for this 
study. These differences were not surprising given the complex nature and inherent variability 
of forest soils, as well as the differing scales over which these studies were carried out at.  
 The current study has demonstrated that at a landscape scale there is a high degree of 
spatial variability in humus and mineral soil C pools, but little spatial variation in the litter 
pool, with forest type. The latter result is consistent with other studies regarding forest floor 
litter C storage (Schöning et al. 2006) and litter mass (Vogt et al. 1986; Martin and Timmer 
2006). Humus and mineral soil C quantities showed a clear division between western 
hardwood and mixed hardwood-beech communities and eastern beech-dominated 
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communities. These results agree with previous studies carried out in a variety of forests that 
have also shown below-ground C storage to vary with forest type (Grigal and Ohmann 1992; 
Finzi et al. 1998; Rhoades et al. 2000; Yimer et al. 2006; Li et al. 2010; Rodeghiero et al. 
2010). Humus and all soil layers, except the 0-10 cm layer, in the eastern communities stored 
significantly more C than did the western communities. However, these differences may have 
more to do with the underlying geology of the North Mokihinui watershed than with forest 
type per se, since the eastern forest communities are associated primarily with sedimentary 
rocks (mudstone and sandstone), while the western forest communities are associated almost 
exclusively with granite.  
 
5.2. The relationship of below-ground carbon quantities to 
environmental variables 
Carbon storage in the mineral soil pool is extremely complex, influenced by a balance of C 
inputs through plant production and outputs through mineralization and decomposition (Jenny 
1994) and, therefore, is sensitive to environmental conditions such as climate, soil properties, 
topography, quality and recalcitrance of litter and parent material. In the North Mokihinui 
watershed, the most important factor for explaining C storage was parent material, followed 
by soil fertility and litter quality, which are related to C mineralization, and finally 
topography. 
Parent material was the most important variable for explaining soil C quantities with 
higher soil C quantities were associated with the presence of mudstone and sandstone relative 
to granite. This result is expected since parent material is one of the five soil-forming factors 
(Jenny 1994), and has a large effect on the physical and chemical properties of the soil, as 
well as waterflow through the soil (Riha et al. 1986). The importance of parent material in 
determining soil C quantities has been extensively noted (Franzmeier et al. 1985; Riha et al. 
1986; Cheng et al. 2004; Jian-Bing 2006; Rasmussen et al. 2008; Speilvogel et al. 2009). The 
underlying geology of the North Mokihinui watershed is clearly divided by parent material 
into sedimentary rock (mudstone and sandstone) in the east and granite in the west, and this 
could have an effect on the texture of the soil, particularly relating to clay content. Rocks that 
are more basic and easily fragmented tend promote clay formation (Barshad 1959). Numerous 
studies have demonstrated a positive correlation between clay content and soil C quantities 
(Oades 1988; Grigal and Ohmann 1992; Cheng et al. 2004; Zushi et al. 2006; Spielvogel et al. 
2009) and attribute this to the a stabilizing effect clay has on soil C, probably due to cation 
bridging by Ca
2+
 (Oades 1988). Therefore, one would expect an increased amount of clay, and 
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consequently C, associated with the sedimentary rocks in the east compared with granite in 
the west, which is what this study shows.  
The mineralization of soil C is often a determining factor for C storage and is 
promoted by various factors including increased nutrient levels, higher acidity and greater 
carbohydrate (i.e. cellulose (Rasmussen et al. 2008)) content, which should result in lower C 
quantities in the soil (Oades 1988). Conversely, decreased nutrient levels, higher base status 
and greater lignin content retard soil C mineralization, which should result in higher soil C 
quantities (Oades 1988). In this study, SF1 represents a gradient of increasing primary (N, K) 
and secondary (Mg
2+
, Na
2+
) soil nutrients and cation exchange capacity, and SF2 primarily 
represents a gradient of decreasing acidity and increasing base saturation. As expected, soil C 
storage decreased with increasing values of SF1 and litter P and decreasing values of SF2. 
However, both increased litter lignin content and decreased litter cellulose content were 
associated with lower C quantities, contrary to expectations. Since carbon mineralization is a 
complex process, explaining the reasons for this is difficult. One possible explanation is that 
C mineralization rates across the entire watershed may be generally quite low due to overall 
low temperatures, and, therefore, these variables may be influencing C quantities in other 
unknown ways. Further, this study measured total C, but mineralization only acts on organic 
C (Oades 1988). Perhaps the relationship between C storage and mineralization would 
become clearer if soil organic C was used rather than total C. Another possible consideration 
is that although C mineralization is dependent on soil fertility, C itself is an indicator of soil 
fertility, especially in relation to N (Barnes et al. 1998), which is inextricably linked to the C 
cycle through a shared set of biological processes (Ollinger et al. 2001). So though greater 
soil fertility increases mineralization rates, increased organic C quantities also tend to increase 
soil fertility. The circular nature of this relationship makes it very difficult to tease apart what 
may be happening in relation to soil C quantities without further investigation.  
Topography also had an influence on soil C storage, although these variables were the 
least important. Generally, one would expect soil C storage to increase as elevation increases 
due to lower temperatures (Cheng et al. 2004; Thompson and Kolka 2005), which would 
decrease the rate of C mineralization occurring in the soil (Oades 1988). However, this study 
shows the opposite – increasing soil C storage with decreasing elevations – in agreement with 
other studies (Homann et al. 1995; Jobaggy and Jackson 2000; Zhong and Xu 2009; Li et al. 
2010). Although elevation is often used as a proxy for air temperature (Lookingbill and Urban 
2003), it may not be a valid reflection of soil temperature especially in dense forests where 
the canopy limits radiative heat transfer from the atmosphere to the soil (Paul et al. 2004). On 
the other hand, it can be indicative of other influences.  In this case, since the sample plots 
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were established along an elevational transect from valley floor to ridge-top, elevation may 
indicate relative slope position, with low elevations reflecting footslope positions and higher 
elevations reflecting ridge positions. Soil C quantities have been shown to be greater at 
footslope positions than at higher slope positions due to down-slope litter accumulation 
(Hairston and Grigal 1991). The finding that greater C quantities were associated with 
increasing concavity also supports this explanation of slope position as footslopes are often in 
more concave positions.  Downslope movement of organic matter from convex positions 
would tend to result in increased C accumulation in concave positions (Gessler et al. 2000; 
Speilvogel 2009). In addition, concave sites have a larger water-holding capacity, which 
would also tend to increase soil C quantities (Gessler et al. 2000). 
 Overall, the local environmental context of the site is what determines below-ground 
C quantities in the North Mokihinui watershed. Forests often exhibit greater fine-scale 
heterogeneity compared to other ecosystems such as grasslands, due to more complex 
vegetation and soil structures and processes (Martin and Timmer 2006). This heterogeneity 
leads to a high degree of local spatial variability, which hinders the ability estimate C 
quantities and leads to confounding relationships of these quantities with environmental 
variables (Hairston and Grigal 1991).  
Although topographical variables had the least impact on soil C quantities in the North 
Mokihinui watershed, much of the literature dedicated to modelling soil C uses only 
topographic indices (e.g. Hairston and Grigal 1991; Arrouays et al. 1998; McKenzie and Ryan 
1999; Gessler et al. 2000; Thompson and Kolka 2005; Zushi et al. 2006; Zhong and Xu 
2009). Often these studies are only able to capture about half of the spatial variability in soil 
C. This is because, as this study demonstrates, soil C storage is a complex process affected by 
various environmental factors related to soil fertility, litter quality and parent material, in 
addition to topography. Despite increasing awareness of the possibilities that soil may have in 
ameliorating the effects of excess atmospheric CO2, comprehensive studies such as this one 
aimed specifically at investigating the relationship between spatial variation of soil C and 
important environmental factors are few, especially in New Zealand where most work has 
been aimed at simply estimating and/or mapping soil C pools. 
 
6. Conclusions 
This study has demonstrated that variability of below-ground C is high at the landscape scale 
of the North Mokihinui watershed and relationships between the environmental variables, 
representing aspects of site fertility, litter quality and topography, and soil C quantities are 
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complex and imperfectly understood. In the future, measurements of organic C, rather than 
total C, collection of site level soil descriptors and experimental evidence of mineralization 
rates may help clarify some of these relationships. There is a lack of understanding of below-
ground C dynamics, especially in New Zealand. These results highlight the need to further 
understand environmental influences over forest soil C in order to develop relationships that 
can be used to quantify more precisely C pools over both small and large areas. 
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Chapter 4: General discussion 
1. Synthesis 
The processes determining the spatial distribution of C in forested ecosystems are complex 
and still relatively poorly understood. Forests are highly heterogeneous in space (Townsend et 
al. 1996; Wilson and Meyers 2001) and this heterogeneity results in a high degree of 
variability in C storage within both above-ground and below-ground pools across the 
landscape. Ecosystem dynamics of these pools are highly connected (Banfield et al. 2002; 
Wardle et al. 2004). Above-ground, plants as producers provide the C necessary for 
decomposition and the resources essential for obligate root-associated organisms. In turn, the 
decomposer subsystem breaks down dead plant material and indirectly regulates both plant 
growth and community composition by determining the supply of available soil nutrients 
(Wardle et al. 2004). In relation to C dynamics, this connection is not easily teased part. In 
addition, environmental factors affecting C storage may act differently on above-ground 
versus below-ground pools. Investigating effects of these environmental influences on each C 
pool is thus a daunting task.  
There has been a range of investigations in both New Zealand and other countries 
looking at spatial variation of forest C. Many of these studies have focused on predominantly 
large-scale estimates and spatial distribution of above-ground C pools (Hall and Hollinger 
1997; Brown et al. 1999; Brown and Schroeder 1999; Chave et al. 2001, 2003; Hall et al. 
2001), below-ground C pools (Scott et al. 2002; Tate et al. 2005) or both (Tate et al. 1997; 
Coomes et al. 2002; Davis et al. 2003; Zhou et al. 2007), primarily for the purposes of 
reporting C inventories as required by the Kyoto Protocol. Others have tried to relate C 
quantities in either the above-ground (Laurance et al. 1999; de Castilho et al. 2006; Paoli et al. 
2008; Anderson et al. 2009; Asner et al. 2009; Richardson et al. 2009; Laumonier 2010; Slik 
et al. 2010) or the below-ground pool (Franzmeier et al. 1985; Jian-Bing et al. 2006; Yimer et 
al. 2006; Zushi et al. 2006; Spielvogel et al. 2009; Zhong and Xu 2009) to environmental 
variables. However, relatively few studies have tried to do both (Grigal and Ohmann 1992; 
Banfield et al. 2002; Rodeghiero et al. 2010; Zhao et al. 2010). Results from these studies are 
varied but, overall, demonstrate that forest C storage and dynamics are complicated, with a 
great deal of variability and uncertainty at multiple spatial and temporal scales. Thus, there is 
much to learn before a full understanding of this subject can be obtained. This study is the 
first of its kind in New Zealand aimed at quantifying both above-ground and below-ground 
spatial variability of forest C at a watershed-scale and relating this variability to 
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environmental variables representing topography, stand characteristics, litter quality, and site 
fertility. 
 
1.1. Quantification of forest carbon pools and total carbon 
According to the results of this study, the live plant pool comprises well over half the total C 
storage across the sample plots in the North Mokihinui watershed, while CWD also comprises 
a relatively large proportion at almost 10 % of the total (Figure 10). The contribution of the 
forest floor via litter and humus is very low, comprising only 3 % of total C, while mineral 
soil (0-30 cm) contributes a substantial portion at almost a third of total C storage (Figure 10). 
 
 
Liv e plant 87%
Soil 0-10cm 51%
Litter 1%
Soil 21-30 cm 17%
Soil 11-20cm 22%
Humus 10%
CWD 13%
(a) (b)
(c) Liv e plant 59%
CWD 9%
Soil 11-20cm 7%
Soil 21-30 cm 6%
Humus 3%
Litter 0%
Soil 0-10cm 17%
 
Figure 10: Relative proportions of (a) above-ground, (b) below-ground and (c) total carbon storage by 
pool across 42 plots in the North Mokihinui watershed. 
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These results corroborate those of other studies done in New Zealand. Coomes (2002) found 
live plant, CWD, litter and soil (0-30 cm) made up 59 %, 10 %, 5 % and 26 % of total C 
storage, respectively, while Davis et al. (2003), estimated the same pools at 64 %, 6 %, 3 %, 6 
% and 22 % of total C storage. However, they agree less well when compared to results from 
overseas. For example Grigal and Ohmann (1992) found mineral soil to 1 m and forest floor 
layers comprised about two-thirds of total ecosystem C and live plant only a third, opposite to 
the results of this study. Results agree slightly better with Bradford et al. (2010), who found 
live plant C made up 64 % of total C storage, CWD 12 %, forest floor 13 % and mineral soil 
0-20 cm only 13 %. Discrepancies in these results are not surprising, though, given the fact 
that these studies were carried out in different areas of the world, across various spatial scales 
and at different soil depths. 
 
1.2. Spatial variability in carbon: above-ground versus below-
ground drivers 
With the exception of the litter layer, there was high spatial variability in above-ground and 
below-ground C pools across the North Mokihinui watershed. However, the patterns of this 
variability differed among pools. Carbon quantities in the live plant and humus pools tended 
to be higher in the eastern part of the watershed where the forest communities are composed 
of hardwood and mixed hardwood-beech species (Appendix 4). Conversely, C quantities in 
the mineral soil (0-30 cm) pool were higher in the western part of the watershed where forest 
communities are dominated by beech species (Appendix 4). This result is somewhat expected, 
though, since less C turnover tends to occur in soils under beech species. Coarse woody 
debris C quantities were, on the whole, more variable and showed less of an east-west pattern. 
On the whole, besides live plant and CWD, there were no strong correlations found among C 
quantities for the different C pools (Table 11), which indicates that C storage in these pools 
are influenced by environmental factors in differing ways. Although correlations were not 
strong, it was, however, very interesting that soil C storage was negatively correlated with all 
other soil pools. 
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Table 11: Correlations among above-ground and below-ground carbon pools. 
 Live 
plant 
CWD Litter Humus Soil 
Live plant 1.00     
CWD 0.55 1.00    
Litter 0.01 0.21 1.00   
Humus 0.18 0.09 0.35 1.00  
Soil -0.39 -0.18 -0.18 -0.39 1.00 
 
Above-ground, topography was, on average, a more important determinant of C 
quantities than stand characteristics and site fertility. In contrast, below-ground, topographical 
variables were the least important after site fertility and litter quality. For individual variables, 
the presence of mudstone in relation to granite, lower elevations and lower base status were 
associated with increased C quantities in above-ground and below-ground pools. However, 
other environmental factors were more variable in their effects.  
Above-ground and below-ground forest ecosystems are highly complex in and of 
themselves, but they are also intricately intertwined. Plants and decomposer organisms 
interact and feed back to each other in a variety of ways depending on the context of the site 
(Banfield et al. 2002; Wardle 2002; Bardgett and Wardle 2005; Zhao et al. 2010). These 
interactions control net ecosystem C dynamics (Banfield et al. 2002; Zhao et al. 2010) but 
also make it difficult to predict how above-ground C dynamics affect the below-ground 
system and vice-versa (Wardle et al. 2004). Depending on the context, organisms on one side 
of the above-ground-below-ground interface may have positive, negative or neutral influences 
on the other side of the interface (Wardle et al. 2004). Spatial and temporal scale, along with 
abiotic factors determine the nature of this context dependency (Wardle et al. 2004). 
For example, in the context of site fertility, greater AGB, and consequently higher live 
plant C storage, was found in the North Mokihinui watershed with higher nutrient availability 
(i.e. greater site fertility). This increase in AGB could provide more litter and consequently, 
more soil nutrients (de Castilho et al. 2006), which may result in a positive feedback on AGB. 
However, increased soil fertility promotes C mineralization in the soil thereby decreasing 
below-ground C storage (Oades 1988), as was seen in this study. These interactions add a 
further complication to trying to understand C dynamics in a forest ecosystem and highlight 
the need for further experimental work in this area. 
Topographic effects on forest C storage are also complex. As mentioned in Chapters 2 
and 3, topography is often a proxy for more complex environmental gradients (Lookingbill 
and Urban 2003). Above-ground, topography often reflects energy input for plant growth, 
such as temperature and solar radiation, whereas below-ground, topography affects such 
 67 
things as moisture content and weathering of the soil. In addition, topographical effects on 
above-ground live plant C quantities may act on a broader scale than effects on CWD and 
mineral soil C quantities, which may be more affected by local topography. Therefore, the 
effects of topographical variables on C quantities may differ above-ground versus below-
ground. For example, in the North Mokihinui watershed, increased site concavity decreased 
above-ground C storage, but resulted in increased below-ground C storage. Further research 
to understand the differing effects of environmental variables on above-ground and below-
ground C storage is crucial, especially in New Zealand, where comprehensive studies of 
ecosystem C dynamics are lacking. 
 
 
2. Overall contributions 
 
The work carried out in this thesis has made the following contributions to the study of forest 
C storage and dynamics in New Zealand: 
 
1) Quantification of total above-ground and below-ground forest C 
There are very few estimates of AGB in New Zealand’s indigenous forests and even fewer 
exist for CWD, litter and humus, and mineral soil. The estimates obtained in this study for the 
forests of the North Mokihinui watershed thus form a considerable contribution to the existing 
literature and should be drawn upon in future studies or inventories. 
 
2) Increased understanding of landscape-scale spatial variation in forest C  
Estimation of forest C quantities and related uncertainties at a large-scale requires knowledge 
of the spatial variability of C at a landscape-scale. However, most large-scale C inventories in 
New Zealand are based on broad forest types. Results from this study indicate that landscape-
scale spatial variability of forest C can be high and highlight the need for further studies at 
this scale if future large-scale forest C inventories are to be as accurate as possible.  
 
3) Increased understanding of the relationship between above-ground and below-ground 
spatial variation in C and environmental variables at a watershed-scale  
Accounting for spatial heterogeneity in forest C quantities is a substantial obstacle to 
extrapolating C estimates from finer to larger scales. By understanding the relationships 
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between environmental variables and C quantities, more precise predictions of C storage can 
be made that include the variation inherent across the landscape. An increased understanding 
about C processes and dynamics will also enable predictions of the impact of management 
strategies and the effects of climate change on New Zealand’s indigenous forests. 
 
3. Recommendations and future directions 
Solid Energy New Zealand is currently involved in a project, in partnership with the 
Department of Conservation, that will attempt to increase C sequestration in the indigenous 
forests of the North Mokihinui watershed through the management of ungulate browsers, 
primarily red deer (Cervus elaphus) and goats (Capra hircus). Doing so would earn voluntary 
market C credits and help mitigate the effects of climate change. The data collected in this 
study will serve as a baseline for C storage in the watershed, in the absence of any ungulate 
management. Future re-measurements of these sample plots will allow changes in above-
ground and below-ground forest C due to management of these animals to be detected. 
Several recommendations that may improve the accuracy of the C estimates made in 
this study, or help to elucidate the relationships of spatial variation in C with the 
environmental variables are suggested. Firstly, in order to make statistically accurate 
predictions of C quantities and total ecosystem C across the North Mokihinui watershed, 
increasing sample forest plot numbers is essential. Dispersing plots across the study area, 
rather than grouped into transects may also benefit, as a study by Bradford et al. (2010) 
indicated that plots dispersed across the study area were more effective than plots in clusters 
for characterizing C dynamics.  
Secondly, as mentioned in Chapter 2, regenerating seral shrubland comprises about 
19% of the watershed (DoC 2007), but this study did not adequately represent these areas, 
which have led to an overestimation of watershed-level C quantities. In addition, these more 
open areas are often associated with increased ungulate numbers, especially goats (Burrows et 
al. 2008). Thus, ungulate control in these areas may allow the forest to regenerate more 
quickly, thereby resulting in a marked increase in above-ground C storage (Burrows et al. 
2008). Without additional sample plots established in these areas, future C re-measurements 
would miss out on these changes. Another possibility would be to stratify the study area by 
vegetation types that are susceptible to ungulates.  
Finally, several things could be done in order to try to elucidate the complex 
relationships between below-ground C storage across the watershed and environmental 
variables. In relation to C mineralization, measurement of organic C, rather than total C, 
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should be taken since it is only the organic C that is mineralized (Oades 1988). Additionally, 
experimental, rather than observational, evidence should also be gathered regarding C 
mineralization to determine if mineralization rates are indeed quite low throughout the 
watershed. Lastly, collecting information regarding site level soil descriptors such as soil 
profile and soil texture, as well as information regarding soil biota, may clarify some of the 
reasons for the spatial variability of soil C in the North Mokihinui watershed. 
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Appendix I: Indicator values (% of perfect indication for statistically significant 
significant (p ≤ 0.05) indicator species in each community, rounded to the nearest whole 
percentage.   
 
Community Indicator species Indicator value (%) 
1 
 
Quintinia acutifolia 70 
Weinmannia racemosa 50 
2 none 
3 
 
Coprosma pseudocuneata 82 
Libocedrus bidwillii 50 
Mysine divaricata 51 
Raukaua simplex 46 
4 
Archeria traversii 78 
Coprosma affinis 50 
Dracophyllum traversii 53 
Halocarpus biformis 50 
Pittosporum divaricatum 50 
Pseudopanax linarifolia 73 
5 Pseudowintera colorata 72 
6 none 
7 
Aristotelia serrata 60 
Carpodetus serratus 52 
Coprosma foetidissima 82 
Coprosma linarifolia 60 
Grisilinia littoralis 62 
Pseudopanax crassifolius 63 
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Appendix 2: Species composition of community 1 (a) saplings and (b) trees; 
community 2 (c) saplings and (d) trees; community 3 (e) saplings and (f) trees; community 4 
(g) saplings and (h) trees; community 5 (i) saplings and (j) trees; community 6 (k) saplings 
and (l) trees; and community 7 (m) saplings and (n) trees. Explanations of species 
abbreviations follow. 
CARser 1%
COPcol 2%
COPfoe 1%
DRAtra 5%
METumb 4%
NOTfus 7%
NOTmen 10%
QUIacu 34%
QUIser 9%
RAUsim 1%
WEIrac 24%
Other 2%
COPcol 6%
COPfoe 7%
DRAtra 4%
METumb 2%
NEOped 3%
NOTfus 2%NOTmen 4%
PHYalp 2%
PSEcol 4%
PSEcra 1%
QUIacu 24%
QUIser 3%
RAUsim 3%
WEIrac 30%
Other 4%
ARIser 5%
CARser 3%
COPfoe 13%
COPgra 1%COPln 8%
COPpro 2%
DRAtra 2%
GRIlit 10%
METumb 2%
MYRdiv 1%
NOTfus 8%
NOTmen 8%
OLEavi 2%
PITten 1%
PSEcol 2%
PSEcra 4%
QUIacu 2%
QUIser 9%
WEIrac 14%
Other 4%
ARIser 2%
CARser 1%
COPcol 1%
COPfoe 20%
COPlin 4%
COPpro 5%
COPrha 2%
GRIlit 4%
METumb 1%
MYRdiv 2%
NOTfus 3%
NOTmen 11%
PSEcol 5%
PSEcra 5%
QUIacu 7%
QUIser 2% RAUsim 2%
WEIrac 17%
Other 7%
ARCtra 8%
COPfoe 2%
COPpro 2%
COPpse 4%
COPtay 2%
DRAtra 27%
GRIlit 5%
LIBbid 1%
MYRdiv 15%
NOTfus 2%
NOTmen 21%
NOTsol 2%
PHYalp 2%
PSEcol 4%
PSElin 1%
RAUsim 2%
Other 2%
 
ARCtra 2%
COPcol 6%
COPfoe 24%COPpro 2%
COPpse 5%
COPtay 12%
DRAtra 5%
MYRdiv 9%
NOTfus 1%
NOTmen 9%
NOTsol 1%
PHYalp 6%
PITdv 1%
PSEco 6%
PSElin 1%
RAUsim 6%
Other 4%
   
DRAtra 9%
GRIlt 4%
MYRdiv 9%
NOTmen 67%
OLEac 3%
PSEcol 3%
Other 5%
   
COPcol 8%
COPfoe 19%COPpsc 9%
COPpse 10%
COPtay 10%
HEBgra 2%
MYRdiv 6%
NOTmen 23%
OLElac 2%
PITrig 3%
PSEcol 2%
Other 5%
   
PITrig 1%
PSEcol 1%
PHYalp 1%
NEOcol 1%
(a)
(c)
(b)
(e)
(g)
(d)
(f)
(h)
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ARCtra 16%
COPafp 19%
DRAtra 4%
HALbif 6%
NOTcli 10%
NOTmen 13%
PHYalp 8% PITdiv 3%
PSElin 6%
RAUsim 8%
Other 5%
CARser 3%
COPtay 4%
GRIlit 2%
MYRdiv 10%
NOTfus 11%
NOTmen 25%
PSEcol 41%
PSEcra 2%
Other 2%
CARser 2%
COPcol 4%
COPfoe 10%
COPpro 2%
COPtay 9%MYRdiv 5%
NEOped 5%
NOTfus 4%
NOTmen 15%
PSEcol 39%
PSEcra 1%
RAUsim 1%
Other 4%
CARser 1%
NOTfus 19%
NOTmen 65%
WEIrac 12%
Other 2%
COPtay 4%
NOTfus 4%
NOTmen 31%
WEIrac 54%
Other 8%
ARCtra 14%
DRAtra 20%
HALbif 20%
NOTcli 11%
NOTmen 28%
OLElac 2%
PHYalp 2%
Other 3%
(i)
(k)
(j)
(m)
(l)
(n)
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Species Scientific name  Species Scientific name 
ARCtra Archeria traversii  OLEavi Olearia avicenniaefolia 
ARIser Aristotelia serrata  OLElac Olearia lacunosa 
CARser Carpodetus serratus  PHYalp Phyllocladus alpinus 
COPaff Coprosma affinis  PITcol Pittosporum colensoi 
COPafp Coprosma affinis pseudocuneata  PITdiv Pittosporum divaricatum 
COPcol Coprosma colensoi  PITrig Pittosporum rigidum 
COPfoe Coprosma foetidissima  PODhal Podocarpus hallii 
COPgra Coprosma grandifolia  PSEcol Pseudowintera colorata 
COPlin Coprosma linariifolia  PSEcra Pseudopanax crassifolius 
COPluc Coprosma lucida  PSElin Pseudopanax linearis 
COPpro Coprosma propinqua  QUIacu Quintinia acutifolia 
COPpsc Coprosma pseudociliata  QUIser Quintinia serrata 
COPpse Coprosma pseudocuneata  RAUsim Raukaua simplex 
COPrha Coprosma rhamnoides  WEIrac Weinmannia racemosa 
COPros Coprosma species  UNKnow Unknown species 
COPtay Coprosma taylorii    
CORarb Coriaria arborea    
CORban Cordyline banksii    
CORind Cordyline indivisa    
CYAsmi Cyathea smithii    
DICsqu Dicksonia squarosa    
DRAlon Dracophyllum longifolium    
DRAtra Dracophyllum traversii    
ELAhoo Elaeocarpus hookerianus    
GAUrup Gautheria rupestris    
GRIlit Griselinia littoralis    
HALbif Halocarpus biformis    
HEBgra Hebe gracillima    
HEBsal Hebe salicifolia    
HOHsvo Hoheria sextylosa var. ovata    
LIBbid Libocedrus bidwillii    
METros Metrosideros species    
METumb Metrosideros umbellata    
MYRdiv Myrsine divaricata    
NEOcol Pseudopanax colensoi    
NEOped Neomyrtus pedunculata    
NOTcli Nothofagus cliffortioides    
NOTfus Nothofagus fusca    
NOTmen Nothofagus menziesii    
NOTsol Nothofagus solandri    
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Appendix 3: Summary statistics of soil and litter chemical properties measured in 35 
sample plots in the North Mokihinui watershed. CV = coefficient of variation (standard 
deviation/mean); CEC = cation exchange capacity. 
 
Property Minimum Maximum Mean CV 
Soil Properties     
Acidity     
pH 
 
3.6 6.7 4.6 14 
Primary nutrients     
N (%)  0.1 0.9 0.3 68 
P (mg/L) 86.0 592.0 330.5 42 
K (me/100g) 
 
0.1 1.0 0.3 61 
Secondary nutrients     
Ca
2+ 
(me/100g) 0.5 34.2 4.3 160 
Mg
2+ 
(me/100g) 0.2 4.9 1.0 81 
Na
2+ 
(me/100g)
 
 
0.1 0.3 0.1 56 
Cations     
CEC (me/100g) 10.0 45.0 24.7 35 
TBS (%) 
 
5 100 22 99 
Litter properties     
Cellulose (%) 20.0 31.7 27.1 9 
Lignin (%) 22.0 38.5 32.7 13 
N (%) 0.5 1.2 0.8 22 
P (mg/kg) 257.0 889.0 546.6 26 
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Appendix 3: Mean carbon storage for each sample plot according to forest carbon pools. CWD = coarse woody debris; AG = above-ground; BG 
= below-ground; FF = forest floor.  
Plot Community Location Live plant CWD AG subtotal Litter Humus FF subtotal Soil Total 
6.10 1 west 110.50 2.42 112.95 0.45 1.47 1.92 229.25 344.12 
7.10 1 west 146.40 53.51 199.87 n/a n/a n/a n/a 199.87 
7.2 1 west 147.50 50.51 198.03 n/a n/a n/a n/a 198.03 
13.10 1 west 203.36 50.77 254.13 0.80 0.16 0.96 157.53 412.62 
13.20 1 west 173.56 10.34 183.90 0.10 0.19 0.29 27.10 211.29 
18.10 1 west 91.11 25.44 116.55 0.78 0.14 0.92 49.19 166.66 
18.20 1 west 121.22 23.53 144.75 0.78 0.11 0.89 255.96 401.60 
18.30 1 west 113.40 21.29 134.69 0.54 7.46 8.00 35.23 177.92 
6.2 2 west 214.79 12.61 227.40 0.46 6.52 6.98 64.35 298.73 
6.20 2 west 73.52 0.00 73.52 0.39 0.33 0.72 163.98 238.22 
6.30 2 west 300.55 60.01 360.56 0.72 0.37 1.09 177.06 538.71 
6.42 2 west 182.17 33.72 215.89 0.43 0.39 0.82 199.02 415.73 
7.20 2 west 36.27 39.94 76.21 n/a n/a n/a n/a 76.21 
3.10 3 east 217.80 31.39 249.19 0.39 11.97 12.36 68.72 330.27 
3.40 3 east 299.26 34.17 333.43 0.84 19.92 20.76 65.87 420.06 
3.50 3 east 398.60 23.69 422.29 0.64 22.93 23.57 83.72 529.58 
13.2 3 west 20.74 0.76 21.50 0.00 0.14 0.14 391.49 413.13 
18.2 3 west 168.25 21.62 189.87 0.39 0.97 1.36 79.61 270.84 
3.2 4 east 547.91 74.72 622.63 0.29 6.55 6.84 81.21 710.68 
3.20 4 east 214.06 84.49 298.55 0.50 17.70 18.20 94.25 411.00 
3.30 4 east 369.72 25.93 395.65 0.58 16.06 16.64 76.56 488.85 
4.2 4 east 359.80 38.43 398.23 0.68 12.07 12.75 68.88 479.86 
4.10 4 east 237.28 145.51 382.79 0.98 17.73 18.71 78.22 479.72 
4.20 4 east 359.80 38.43 398.23 0.68 12.07 12.75 68.88 479.86 
4.30 4 east 153.63 25.49 179.12 n/a n/a n/a n/a 179.12 
4.50 4 east 160.30 74.29 234.59 n/a n/a n/a n/a 234.59 
4.80 4 east 178.47 17.24 195.71 0.34 27.84 28.18 135.83 359.72 
2.2 5 east 217.07 9.14 226.21 0.62 8.18 8.80 101.85 336.86 
2.10 5 east 236.01 11.91 247.92 0.67 8.19 8.86 66.13 322.91 
2.20 5 east 240.13 12.49 252.62 0.56 18.95 19.51 84.48 356.61 
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Plot Community Location Live plant CWD AG subtotal Litter Humus FF subtotal Soil Total 
4.40 5 east 525.09 14.12 539.21 n/a n/a n/a n/a 539.21 
4.60 5 east 119.34 16.27 135.61 0.51 6.95 7.46 143.16 286.23 
4.70 5 east 134.05 15.74 149.79 0.75 11.73 12.48 141.39 303.66 
6.50 5 west 190.25 24.42 214.67 n/a n/a n/a n/a 214.67 
18.40 5 west 360.65 59.16 419.81 0.00 5.58 5.58 53.08 478.47 
2.30 6 east 103.16 7.00 110.16 0.34 12.80 13.14 62.23 185.53 
2.40 6 east 158.05 6.61 164.66 0.63 15.83 16.46 109.84 290.96 
4.90 7 east 99.94 19.21 119.15 0.91 37.09 38.00 58.60 215.75 
4.100 7 east 211.73 14.35 226.08 0.77 15.49 16.26 101.49 343.83 
4.110 7 east 209.37 21.82 231.19 0.74 10.13 10.87 121.44 363.50 
4.120 7 east 149.66 8.33 157.99 0.82 11.59 12.41 107.13 277.53 
4.130 7 east 142.65 15.64 158.29 0.56 13.12 13.68 96.02 267.99 
 
